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FOREWORD 


This  final,  ^chnical  report  covers*  all  work  performed  under  Contract 
AF33{(515)"SI37  from  1  August  1965  to  31  May  1967.  The  manuscript  w-~  released  by 
.he  authors  on  10  August  a 967  for  publication  as  a*  FML  Technical  Report.  For  con¬ 
venience,  the  report  was  published  in  two  volumes.  Volume  I  covers  the  seven  Tasks 
of  Phase  I,  Volume  I!  covers  the  five  Tasks  of  Phase  II. 

This  contract  with  the  Solar  Division  of  International  Harvester  Company  was 
initiated  under  Manufacturing  Methods  Project  No.  8-315,  "Development  of  Joining 
Processes  for  Titanium  Foils".  It  was  accomplished  initially  unaer  the  technical 
direction  oi  Mr.  T.  L.  Campbell  of  the  Manufacturing  Technology  Division,  Advanced 
Fabrication  Techniques  Branch  (MATF),  Wright- Patterson  Air  Force  Base,  Ohio. 
Technical  direction  was  later  transferred  to  Mr.  Frederick  R.  Miller  of  the  same 
branch. 

The  program  was  initially  organized  at  Solar  by  Mr,  W.  A.  Compton, 

Assistant  Director  of  Research  who  acted  as  Project  Director  throughout  the  program. 
Mr.  C.  E.  Smeltzer,  Research  Staff  Engineer,  acted  as  the  Principal  Investigator  for 
the  program  mC  principal  author  of  the  final  report. 

This  project  has  been  accomplished  as  paid  of  the  Air  Force  Manufacturing 
Methods  Program,  the  primary  objective  of  which  is  to  develop,  on  a  timely  basis, 
manufacturing  processes,  techniques  and  equipment  for  use  in  economical  production 
of  USAF  materials  and  components. 

This  technics!  report  has  been  reviewed  and  is  approved. 


•JACK  R.  KARS?.  Chief 


Advanced  Fabrication  Techniques  Branch 
mnufacturing  Technology  Division 
Air  For'*'*  Materials  laboratory 
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ABSTRACT 


An  investigation  was  conducted  of  special  joining  processes  and  f«chniques 
for  titanium  alloy  foils  -md  thin-w'all  tubing  in  the  thickness  range  of  2  to  xG  mils. 

(Foil  alloys  were  Ti-GA1-4V  (ELF/,  Ti-5Al-2.5Sn  (ELI),  and  Ti-BAl-lMo-lV.  Tube 
alloy  was  Ti-3Al-2.  5V).  Process  development  was  concentrated  upon  new  Ti- Zr 
braze  systems,  designed  to  circumvent  problems  of  foil  corrosion,  erosion,  and  beta- 
embrittlement  characteristics  of  preexisting  braze  Roys  recommended  for  titanium. 

A  limited  number  of  diffusion  bonding  experiments  .Iso  were  carried  out  which  in¬ 
dicated  only  marginal  adaptability  to  thin-wali  tube  structures. 

Phase  I  of  the  program  was  concerned  principally  with  the  development, 
evaluation,  and  selection  of  braze  alloys  most  suitable  for  titanium  toil  joining.  Over 
100  ternary,  quaternary,  and  quinary  braze  alloy  modifications  of  the  basic  systems 
Ti-Zr-Be  and  ’’-Zr-Ni-Be  were  evaluated  in  t  oint  and  lap-joint  tests  through  the 
required  service  range  of  -320  to  1000  F.  Emphasis  was  placed  on  assessing  brazing 
performance,  brazement  structural  analysis,  joint  strength,  bend  tough-  ess,  braze- 
line  peel  resistance,  strain  accommodation  capability,  stress  rupture,  and  fatigue 
strengths  of  candidate  alley  brazements.  The  influence  on  strength  and  stability  of 
100-hour  simulated  service  exposure  in  salt-spray  (20l-  F;  as  well  as  static  exposure 
for  100  hours  at  the  maximum  service  tempera"  .e  (1000  F,  both  in  air  and  m  high 
vacuum)  were  determined.  Hot-salt  corrosion  teste  were  programmed  (1000  F). 
Lost-braze  heat  treatments  were  developed  to  provide  brase  structures  of  improved 
toughness  and  reliability.  Safe  maximum  process  parameters  (time  and  temperature) 
were  established  for  each  program  foil  alloy. 

Upon  completion  of  Phase  I  studies,  the  four  best  braze  alloys  of  the  group 
that  successfully  passed  all  test  phases  were  selected  for  application  in  Phase  H. 


oy 

Designation 

Nominal  Composition  (Wt  %) 

Minimum 

Flow 

Temperature 

(F) 

Density 

(gm/cc) 

RM8 

Tl-43.0Zr-12.0Ni-2.0Bc 

1470 

5.46 

RM12 

Ti-45.0Zr-8.0Ni-2.0Be 

1660 

5.33 

CS217 

Ti-(47. 2-47. 5)Zr-(5.  0-5. 6)B« 

1620  to  1640 

4.33 

CS217C 

Ti-45.  lZr-4.  8Be-  5.0Al 

1700 

4.67 

The  objective  of  Phase  II  o?  tne  progr;  m  was  to  demonstrate  th  ^  applicability 
of  the  braze  joining  processes  developed  in  Phase  I  to  high  performance,  titanium  foil 
structures.  Honeycomb  panels,  r*  .te-and-fiu  ner.t  exchanger  modules,  cmd  the  matrix 
of  a  tube-ana- shell  type  heat  exchanger  were  selected  as  test  structures.  Preliminary 
efforts  were  conducted  using  subscale  modules  of  each  fo’l  structure  to  develop  re- 
"Amnntmnt  rvso«isfr..-^j”'r.nr  fivturing,  and  brazing  techniques.  Mechanical  and 
pressure  tests  of  subscale  structures  enabled  final  selection  of  the  titanium  br^ze 
alloy  and  technique  for  each  structure  type. 

The  full-scale  heat  exchanger  modules,  both  plate-and-fin  and  tube-and- 
header  types,  were  subjected  to  similar  test  programs  which  included  cyclic  pres¬ 
surization,  proof  pressurization,  steadv-state  flow,  thermal  shock,  resonant  frequency 
vibration,  and  pressure  burst.  Both  types  of  structures  were  shown  to  have  useful 
engineering  properties  over  the  temperature  range  -320  to  800  F. 

The  feasibility  of  brazing  large  scale  titanium  honeycomb  panels  with  the 
developed  alloys  was  established.  Honeycomb  panels  were  tested  in  tension,  bending, 
compression,  and  shear,  over  the  temperature  range  of  -820  tc  800  F,  before  and 
after  100  hours  exposure  .o  800  F  air,  and  thermal  shock  regimes  between  320  and 
800  F.  Subscale  specimens  demonstrated  room  temperature  strengths  in  tension 
over  130,000  psi  (core  stress)  and  in  shear  of  40,000  psi. 

Advanced  methods  were  developed  for  the  production  of  high-purity  braze 
alloy  powders  used  in  Phase  II  work.  Special  techniques  included  levitation  melting 
of  braze  alloy  ingots  and  subsequent  crushing  of  the  ingot  to  powder  at  cryogenic 
temperatures . 

This  abstract  is  subject  to  special  export  controls  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  the 
Manufacturing  Technology  Division,  MATF,  Air  Force  Materials  Laboratory,  Wright- 
Patterson  Air  Force  Base,  Ohio  45433. 
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SECTION  1 
INTRODUCTION 

Thin  foils  of  titanium  alloys,  which  ofk"  significant  design  advantages  in 
density,  strength-to-weight,  and  modulus-te-weight  from  cryogenic  temperature  to 
1000  F,  are  becoming  available  in  increasing  quantities  from  American  producers. 
Commercial  alloys  such  as  T1-5A1-2.  5Sn,  T'-'“  \1-4V,  and  Ti-8AI-lMo-lV  are  poten¬ 
tially  useful  in  2-  through  10-mil  foil  forms  as  materials  fiom  which  to  make  critical 
high-performance  aerospace  s  ructures  (e.g.  .  iub<?-and- shell  as  well  as  plate-and- 
fin  heat  exchangers,  honeycomb  and  corrugated  sandwich  panels).  In  addition  to 
strength  and  modulus  considerations,  titanium  alloys  provide  unique  '•ombinations  of 
corrosion  resistance,  oxidation  resistance,  notch  toughness,  and  structural  stability 
over  the  temperature  range  o!  -400  to  1000  F.  Hence,  titanium  foil  structures 
theoretically  lend  themselves  well  to  heat  transfer  systems  involving  cryogenic 
fuels,  oxidizers,  and  air  fractioning  equipment. 

Unfortunately,  these  titanium  foil  alloys  have  not  received  -is  much  attention 
as  they  have  deserved  during  the  past  ten  years  because  of  fabrication  and  Joining  dif¬ 
ficulties  and  cot  :.  Today,  the  lack  of  suitable  joining  techniques  remain  the  greatest 
single  deterrent  to  their  more  general  use.  Advanced  aerospace  vehicles  currently 
under  consideration  by  the  USAF  requs.e  extensive  efforts  in  fabrication  techniques  to 
develop  Joining  sad  forming  methods  for  titanium  v: s-v-  foils.  In  particular,  advance¬ 
ments  are  necessary  in  high-performance  neat  trarc-iW  systems  and  honeycomb  type 
structures  where  2-  through  10-mii  foils  are  employed  to  maximum  advantage. 

The  Intricacy  and  complexity  of  the  large  numbers  of  joints  required  in  the 
lightweight  foil  structures  under  consideration  restrict  Joining  techniques  to  bracing 
and  solid  state  diffusion  bonding.  Honeycomb  panels,  for  example,  must  be  fabricated 
by  bratirg  or  diffusion  bonding  to  obtain  highest  structural  efficiency  and  reliability. 
The  best  transfer  systems  being  considered  are  normally  composed  of  many  thousands 
trf  thin- walled  tubes  and  channels,  making  brazil*  or  diffusion  hooding  the  only  prac¬ 
tical  processes  to  consider. 
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The  braze  alleys  and  processes  heretofore  developed  for  joining  titanium  are 
not  considered  satisfactory  tor  joining  titanium  foils,  principally  because  of  erosion 
a. id  corrosion  effects.  The  need  to  braze  at  a  relatively  low  temperature  fbelov,  the 
foil's  beta-transus)  has  led  to  the  selection  primarily  of  silver-base  braze  alloys. 

The  ater^acial  formation  of  brittle  Tl-Ag  intermetallic  upon  the  titanium  substrate 
and  crevice  corrosion  have  proven  serious  disadvantages,  thus  the  need  to  consider 
approaches  that  may  avoid  tne.v  problems.  The  Ti-Be  and  Ti-Zr-Be  base  braze 
alloy*  recently  developed  ct  Solar  have  shown  promise  of  solving  these  problems  and 
w^re  investigated  further  in  the  subject  program. 
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PROGRAM  scope  and  objectives 

The  overall  purpose  and  objective  of  this  program  has  been  to  develop  and 
establish  improved  processes  to  join  titanium  alloy  foils  and  thin-wall  tm^ng  by 
brazing  and  diffusion  bonding,  which  would,  in  turn,  provide  stable,  corrosion- 
resistant  joints  suitable  for  operation  in  the  temperature  range  of  -400  to  1000  F, 

The  subject  program  was  designed  to  accomplish  these  objectives  in  two 
phases.  Phase  I  was  concerned  with  the  development  of  titanium- base  and  titanium- 
zirconium-base  braze  alloys  and  diffusion  bonding  techniques  for  titanium  alloy  foils 
(<  0.010  inch  thick).  Phase  n  was  concerned  with  the  demonstration  and  application 
of  the  developed  joining  methods  to  high-performance  structures.  Honeycomb  panels, 
corrugated  heat  exchanger  panels,  and  tube-and-shell  heat  exchanger  matrices  we, . 
the  structural  shapes  chosen  to  be  fabricated  and  tested  with  boundary  test  conditions 
which  simulate  h-gh-perfcrmance  f  srospace  applications. 

Phase  I  work  was  further  divided  into  seven  consecutive  tasks.  Tasks  I 
through  IV  were  concerned  with  the  logical  selection  and  screening  of  materials  and 
over  100  braze  alloy  modifications  with  potential  for  titanium  foil  joining. 

Special  test  procedures  to  evaluate  the  relative  merits  of  different  braze 
systems  were  developed.  They  included: 

*  Braze  Screening  Tests.  To  appraise  braze  flow  and  filleting  behavior 
on  foils,  measure  erosion  characteristics  with  different  braze  cycles, 
and  determine  brazement  microstructure  and  microhardness. 

*  Corrosion  Tests.  To  detect  susceptibility  of  specific  foil  brazements 
to  general  or  crevice  corrosion  in  long-term,  salt-spray  environment. 

«  Mechanical  Tests.  To  measure,  in  foil  configurations,  the  braze  tensile 
and  shear  strengths;  peel  resistance  and  strain  accommodation  of  braze¬ 
ments  under  a  variety  of  test  conditions  and  prior  thermal  histories. 

*  Thermal  Stability  Tests.  To  detect  possible  degradation  of  brazement 
structure  endTor  mechanical  properties  during  simulated  service 
’•egimes  in  both  vacuum  and  air. 
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The  number  of  candidate  braze  moteri&Ls  was  reduced  to  eight  at  the  end  of  Task  IV 
on  the  basis  of  room  temperature  test  data  comparisons. 

Tasks  V  and  VI  were  designed  to  provide  a  much  broader  evaluation  of  the  re¬ 
maining  eight  candidate  braze  materials.  The  test  regimes  covered  the  range  of 
probable  operating  temperatures  (-320  to  S00  F)  and  included: 

•  Statistical  survey  of  T-joint  and  lap-joint  strength  data  (-320  to  900  F) 
as  a  measure  of  design  strength  reliability. 

•  Effects  of  long-term,  salt-spray  exposure  (100  hours,  200  F)  on  lap- 
joint  strength  (-320  to  900  F). 

•  Effect  ~.f  thermal  aging  (100  hours,  1000  F  in  both  air  and  high  vacuum 
environment)  on  lap-joint  strength  (-320  to  800  F). 

•  Stress-rupture  tests  of  lap-joint  specimens  (~  100  hours,  1000  F)  both 
in  oxidizing,  jet-fuel  exhaust  gas  and  in  molten  hot  salt  (NaCl). 

SA 

•  Tension-tensic  fatigue  tests  of  lap-joint  specimens  (  /gM  =  1 . 0)  at 
room  temperature. 

At  the  conclusion  of  Task  VI,  the  number  of  braze  alloy  candidates  was 
narrowed  to  four  for  final  evaluation  in  fabrication  *nd  testing  of  Phase  II  structures. 

The  feasibility  of  self-diffusion  bonding  tube-to-header  joints  was  investigated 
Task  VII,  with  chief  process  criteria  of: 

•  Jcint  Quality  (joints  metallurgicaliy  sound  and  leak-tight) 

•  Joint  Reproducibility  (high  probability  of  constant  quality) 

•  Equally  Competitive  Process  (braze  process  versus  diffusion  bonding 
process) 

The  charter  of  Phase  n  was  to  construct  and  test  a  prescribed  number  of 
full-scale  foil  structures  using  a  single  recommended  braze  alloy  and/or  joining 
process  for  each  of  the  three  structure  types.  The  structure  types  ~nd  quantities  of 
each  are  listed  in  Table  I. 

Subscale  modules  of  each  structure  type  were  initially  fabricated,  bonded, 
and  tested  to  yield  information  on  the  relative  merits  of  the  remaining  brace  alloys 
and  joining  techniques  thereby  enabling  the  ultimate  selection  of  an  optimum  joining 
process  for  each  full-scale  structure.  The  detailed  format  of  the  full-scale  teet 
program  is  shown  in  Tables  n,  113,  and  IV  along  with  the  kinds  of  d?,ta  generated  for 
analysis. 
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TABLE  I 

PHASE  IJ  STRUCTURES 


Structure- Type 

Multilayer,  corrugated, 
sandwich  structure 


Honeycomb  core 
sandwich  structure 


Tube-to-header  matrix 


Design  and  Dimensional 
Requirements 


Number  of 
Modules  to 
be  Constructed 
(Minimum) 


Six-inch  cube,  external. 
Corrugation  pitch  and  height, 
0.050  to  0.100  inch.  Foil 
ma. trials  in  the  thickness 
range  of  0.  002  to  0. 006 
inch.  Simple  cross  flow  or 
counter-cross  flow  design. 

Panel  size:  0.375  to  0.500 
inch  thick  by  12  inches 
square.  Core  cell  size: 

0. 25-inch  square  cell, 

0.  002  inch  thick  core  ribbon 
Face  sheet  thickness: 

0. 010  inch. 

Number  of  tubes  in  module: 

50  to  100.  Tubing  dimensions: 
0. 125-inch  OD  by  0. 002  to 
0. 006  inch  wall  thickness  by 
12  inches  long.  Header  thick¬ 
ness:  0. 015  to  0.  030  inch. 

Tube  spacing  in  the  headers 
to  be  on  a  pitch  to  tube  diam¬ 
eter  ratio  of  1.  07  longitudinally 
and  1. 25  transverse  direction. 


Cey  tests  of  the  three  types  of  foil  structure  were  as  follows: 


Structure 

Corrugated  Sandwich 


Honeycomb  Sandwich 


Tube- and- Header  Matrix 


Test  Program 


Pressure  cycling 
Pressure  burst 
al  shock 
* ,  Rion 

Flatwise  tension  and  compression 
Edgewise  compression 
Panel  (beam)  flexure 
Block  shear 

Thermal  cycling  and  aging  effects 
on  above  tests 

Vibration 
Pressure  cycling 
Proof  pressure 
Thermal  shock 
Steady-state  flow 
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TABLE  n 

PROPOSED  EVALUATION  TESTS  FOR  HEAT  EXCHANGERS 


Teat 

- , 

Test 

Temperature 

Number  of 

Specimen  Size 

Number 

TVpe  of  Test 

<F> 

Specimens* 

(Inches) 

Purpose 

l»-l 

Pressure  cycling 

-320 

2 

2  s  2  x  2 

To  verify  the  capability 

P-1 

(Up  u>  50  cycles  of 
1509  of  expected 

-200 

2 

2x2x2 

of  she  brazed  structure 
to  withstand  typical 

P-2 

scry  ice  pressure) 

ST 

2 

2x2x2 

cyclic  pressure 

P-3 

500 

2 

2x2x2 

fluctuation  over  the 
range  of  operating 

P-3 

1000 

2 

2x2x2 

temperatures. 

P-4 

Pressure  burst 

RT 

1 

2x2x2 

To  verify  the  design 

1 

6x6x6 

strength  of  the  brazed 

structure  and  to 
determine  the  safe 
limits  of  Internal 
pressurization. 

P-5 

Thermal  shock 

-320  to  1000 

8(1) 

6x6x6 

To  affirm  the  ability  of 

(100  cycles)  and 

toe  brazed  structure  to 

steady  state  flow 

withstand  severe 

thermal  gradient 

thermal  gradients  and 
strains  during  transient 
and  steady  flow 
conditions. 

P-6 

Vibration  (with  and 

RT 

2(1) 

6x6x6 

To  confirm  resonant 

without  internal 

frequencies  of  module 

pressurization) 

' 

design  experimentally 
and  to  determine  kind 
and  degree  of  vibration 
damage  resulting  from 
vibration  in  the  30  to 

2000  cps  frequency 
ran*.-. 

Tests  shall  b«  sequenced  such  that  ons  foil-scale  unit  will  be  sx^osed  to  all  tests. 
^Specimen  destruction  not  anticipated . 


TABLE  HI 

PROPOSED  EVALUATION  TESTS  FOR  BRAZED  HONEYCOMB  STRUCTURES 


Te«t 

Tout 

Tempo  rata  re 

Number  of 

Specimen  Size 

Number 

Tjrf  o  of  Toot 

<r> 

Specimen* 

(babes) 

Iferpoae 

.1-1 

FUtwine  Teaoioa  and/or 

-no 

3 

1  x  1 

(a)  Tensile  and  compressive  strengths 

Compreooion 

-100 

3 

1  X  I 

of  con/Ucv  «Hw i  joint  versus 

RT 

3 

1  a  l 

teat  temperntun:. 

500 

3 

3 

l  X  l 

1  X  1 

(b)  Failure  mode  versus  temperature. 

1006 

3 

1x1 

H-2 

Edgewise  Compression 

RT 

* 

3x4 

(a)  Compressive  <<iK>  !  wading  versus 

(longitudinal ) 

compressive  strain. 

RT 

3 

3x4 

(transverse) 

(b)  Fscing  modulus  of  elasticity . 

(e)  Condition*  of  onset  of  buckling  and 

catastrophic  panel  fa:' ire. 

<d)  Effective  elastic  limit  of  panels  In 

edge  loading. 

H-3 

Panel  Flexure  <2 -point. 

RT 

3 

3x8 

(a)  Mldapaa  deflection  vernus  load. 

1/3  span  loading) 

(locglhadlnal) 

3 

(b)  Core  ifeoar  modulus. 

(traaoeern) 

(c)  Effective  panel  facing  strength  la 

fl  azure. 

H— 1 

Block  Omar  (30  dagrae 

(tangitvUnal) 

deflection) 

-no 

3  (Aa-brazad) 

1x1 

(a)  Shear  load  versus  core  deflection 

-J  (After  100  hr 
Aging  400-1000 F) 

(toughness  rating). 

RT 

3  (Aa-brsaad) 

lxl 

(b)  Effect  of  teat  tempera  turn  on  panel 

♦3  (/iter  100  hr. 
Agtag  400-1 000 F) 

toughness  aad  failure  mode. 

300 

S  (A»teaaod) 

1  x  1 

(c)  Effect  of  simulated  service  agtag 

♦3  (After  100  hr 

upon  panel  tough-se  and  failure 

Aging  400-1000 F) 

mad#. 

500 

3  (Aa-braand) 

♦3  (After  100  hr 
AgtagihOO-ICOOf) 

1  X  1 

1000 

3  (Aa-braand) 

*3  (After  100  hr 
Aclag 400-1 ooor> 

lxl 

U-6 

Tkermul  Cycling  Taut* 
(BepottUon  of  oevurol 

of  aw  pmeadlagt  teat 
regime*  txfksniin 

tbsrnsel  cycling  of  poMi* 

Between  -SMr  tad 

lOOOF;  10  cyetes) 

(t)  FUKrtno  Tetukin 

-330 

3 

1*1 

Aa  before 

RT 

3 

1*1 

MO 

3 

1*1 

1600 

<b)  Cdgtwlne 

RT 

3 

3»4 

Am  before 

C'amprtootm 

lot  Papal  Finance 

RT 

L-.,— . . 

3 

3a  S 

■  ■■  '  - 

A*  Refers 

Tasks  IV  and  V  of  Phase  n  were  concerned  with  post  braze  heat  treating  and 
high  purity  braze  alloy  production,  respectively. 


TABLE  IV 

PROPOSED  EVALUATION  TESTS  FOR  TUBE  AND  HEADER  HEAT  EXCHANGERS 


Test 

Number 

Type  of  Test 

Teat 

Temperature 

<F) 

Number  of 
Specimens 

Specimen  Site 

Purpose 

T-l 

Vibration 

RT 

1  (Normal 

FttH-SUe 

To  determine  fundamental 

to  tuba 

Module 

resonant  frequency  and 

•ala  (1) 

vibration  to’erance  of  the 

1  (Parallel 

braaed  structures. 

to  tube 

ttio)  0) 

T-2 

Presaure  cy- 

-320 

l  and  1  (1) 

Subecale  and 

To  verify  the  capability 

cycling  (up 

FuU-SUe 

of  the  braaed  structures 

to  200  prea- 

Module 

to  withstand  typical 

aura  cycle* 

HT 

1  and  1  (1) 

Subocal*  and 

cyclic  pressure  flue- 

at  each  teat 

Full -SUe 

iuationa  over  the  range 

temperature) 

Module 

of  operating  tempera- 

500 

1  and  1  (1) 

Subecale  and 

ture. 

Full -Size 

Module 

1000 

1  and  1  (11 

Sobocftta 

Ml -SUe 

Module 

T-3 

Praaanra 

RT 

2tl) 

FuU-SUe 

Conducted  on  modules 

twit  {Up  to 

Module 

before  and  after  vibration 

IWoin- 

2 

Subacale 

to  assess  the  ability  of 

ported  ear- 

Methde 

braaed  structure  to  with- 

vkteprea- 

300 

2  (1) 

FuU-SUe 

stand  high  Internal  prea- 

aura) 

Module 

aurw. 

2 

Subacale 

Module 

1000 

a  (i) 

FuU-SUe 

Module 

2 

Subacale 

Module 

T-4 

(a)  Thermal 

-320 

2  W 

FuU-SUe 

To  evaluate  the  ability  of 

•bock 

to 

I'eduie 

both  aa-braaad  and  vibrated 

300 

structures  to  withstand 

or- 

aavara  thermal  graduate. 

1200 

end  sustained  periods  of 

<*#  Moody 

ferric* 

lit) 

FuU-SUe 

tsmpnntef*  differouaai. 

—  -  •• . 

atate  flew 

Module 

ext auction  not  onttcipotnd, 

V.'-  '  '.V. 

I  *-  I' 
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SECTION  in 

PHASE  I  -  DEVELOPMENT  OF  JOINING  METHODS  FOR  TITANIUM  ALLOY  FOIL 

As  disci:  *?ed  in  Section  n,  Ph»«e  I  was  divided  into  seven  individual  tasks. 
These  tasks  are  discussed  in  this  section. 

3. 1  TASK  I  -  SELFC  i’lON  OF  MATERIALS 

The  primary  intent  of  foil  alloy  selection  was  to  match  desired  metallurgical 
properties  and  degree  of  f&bricability  for  each  candidate  foil  alloy  against  specific, 
usually  controlling  material  requirements  of  each  of  the  three  different  foil  structures 
to  be  bonded  in  Phase  II.  Candidate  titanium  foil  alloys  were  restricted  to  those  com¬ 
mercial  sheet  and  foil  alloys  in  general  usage  throughout  the  aerospace  industry,  and 
commonly  available  as  foil  in  the  required  2-  through  20-mil  range  of  thickness. 

(This  stipulation  was  held  advisable  to  ensure  maximum  utilization  and  adaptability  for 
industry  of  the  bonding  methods  deveL  )  Foil  alloys  considered  were  Ti-6A1-4V 
(AMS-4907) ,  Ti-5Al-2. 5Sn  (AMS-4909),  and  Ti-8Al-lMo-lV(AMS-4918).  The  only  high- 
strength.  thin- wall  tubing  alloy  commercially  available  was  T1-3A1-2. 5V  (0. 225-inch 
OD  by  0. 002  to  0.006-lncb  wall  thickness).  To  ensure  starting  foil  materials  with  the 
lowest  available  levels  of  interstitial  element  contaminants  (carbon,  oxygen,  and 
nitrogen)  and  a  minimum  amount  of  surface  contamination,  extra  low  interstitial  (ELD 
grades  were  procured  wherever  applicable.  (Hard  layers  of  surface  contamination 
are  often  detrimental  to  formability  tad  restrict  Joining  processes. )  The  T1-6A1-4V 
ami  ti-SAi-2.  MSn  alloys  were  available  in  ELI  grades  (AMS-4907  and  AMS-4909. 
respectively),  and  were  used  exclusively  in  Phase  Q  and  in  much  of  Phase  1  work. 

3.1.1  Alloys  for  Corrugated  Sandwich  Structure* 

The  «orr*#*ted  randwich  structures  for  'xamtercroseflow  beat-exchanger 
applications  wwm  required  to  operate  over  a  wide  range  of  temperatures  and  different 
fluid  media  from  -425  F  up  to  .1000  F  in  air.  The  foil  materials  tod  to  be  weldable  to 
facilitate  post-  bmi.  assembly  of  th*  ftei  f  trwfjur*  to  accessory  ros^poaeirie.  such  as 
inlet  and  outlet  gss  duct#  end  header  roln&rcemaat*.  A  A her  critical  requirement  was 
excellent  cold  IbnnsM^tyj  fiwi  to  permit  psweisloe  rolling  to  2-  to  4-mil  foils,  .ami 
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TABLE  V 

SELECTED  PROPERTIES  OP  ANNEALED  ALLOYS 


Asm  lied  Alter 

Tt-AAl-lMo-lV 

Ti-PAl-SV 

TI-0A1-4V  EU 

Tt-PAJt-S.MP 

n-SAl-2.5te  EU 

Tt-SAl-i.SV 

rypu«i  Tm«iU  PmwHiai  ■* 

R oam  T Wapanttra 

. 

IMk  Mofelaa  (10*  pal) 

IP.0® 

U.6 

I*.P 

U.P 

1P.P 

U.S 

tTOteiaPr  fcrnfth  (kai) 

UP 

UP 

US 

US 

UP 

1M 

YUM  ftnactk  (kit) 

«2 

UP 

in 

UT 

PS 

IS 

Olafattoa  (?) 

u 

- .  - 

u 

u 

IP 

M 

M 

•00  t 

. 

ipli 

L 

Elaattc  IUdM  (10*  pal) 

— 

u.s 

U.4 

U.S 

11.9 

intUuta  (kai) 

1PT® 

top 

1PP 

PS 

TP 

7P 

Yield  Urw«tfc  (kal) 

M® 

M 

PP 

IS 

M 

SO 

ElcacaUea  1% 

IP® 

n 

ti 

u 

IP 

ti 

burns*  Tafi  ritari 

' 

TaapaniaM  (T) 

IPPP® 

PM 

-UP 

itc 

*419 

— 

Ultimata  Put  a*ti  (kai) 

PI® 

PP 

m 

It 

W 

— 

Yield  On— rk  »at) 

n® 

TP 

tm 

M 

Ml 

... 

ri—a^tna  (4) 

ip® 

IP 

a 

u 

1$ 

— 

Craap 

Teaparakua  (F) 

IMP 

PPP 

— 

PM 

— 

lotto  (w) 

u 

TP 

— 

«P 

— 

Tta*  (kr) 

UP 

1PP* 

— 

j 

Trial  RaaUe  SMamattaa  (% 

t.u 

o.w 

— 

p.ip 

— 

— 

Ktim  taaeu*  iLf  -  1 

Tima  ■  Mu n  (T, 

— 

PPP 

— . 

ppp 

■  — 

— 

dtnee  *alj 

e  kr 

PP 

— 

PS 

— 

— 

Tlau  (kr) 

»■— .  ■— 

1PP 

1PM 

**•* 

•  w* 

-j 

i, 

*.  *u  mmW  JWP  r,  t  to,  AC  *  tm  f V  «  far,  AC  e«W) 

•ecomfly  to  enable  die-forming  theee  this  foils  into  high-density,  miniature  wj-rafa- 
tione  for  host  exchanger*  of  desired  hlgh-compactneee  ratio  and  high  thermal  transfer 
efficiency.  In  the  subject  work,  else  ware  oomgatione  with  the  eemgstfo*  istch  and 
height  of  -  0. 070- Inch  sad  bend  radii  of  IT  to  4T  were  desirable. 


The  TJ-5A1-2.  S&>  (EU)  alloy  was  selected  for  the  omgfjf4  structure 
fadth  Tl-«Al-4 V  alky  as  the  bs»loq>)  hi  ubeet  tc~m,  thla  material  ie  weldable  without 
appreciable  lose  in  etreacth  and  dnetiUty.  A*  ilcw  te  Tfcfcto  V  IK  the  material 
has  food  km-taaoparatttre  toqgfcneea  and  strength  in  the  -415  F  raajm,  has  good  creep 
etrength  is  the  #00  to  806  F  raagr.  and  hee  neahle  short  time  strength  to  1000  F.  The 


of  if*  W0  and  tt.tto  pat  compared  to  1*MM  andUi.MG  pal  tor  the  auo-XU  grade. 


Therefore,  for  non-cryogenic  applications,  the  non-ELI  grade  could  have  a  strength 
advantage,  although  it  would  be  more  difficult  to  form.  The  ELI  grade  was  preferred 
for  form  ability  in  this  situation  Inasmuch  as  foil  strength  was  not  a  controlling  factor. 

The  Ti-SAI-2. 5Sn  is  an  alpha-type  alloy  with  a  high  aluminum  content  that 
stabilizes  the  alpha  ^hase  and  shifts  the  beta  transits  into  the  1900  F  range.  Tin  is  a 
neutral  element  having  appreciable  solubility  in  both  alpha  and  beta  phases  of  titanium, 
but  adds  considerably  to  the  strength  without  changing  the  ductility.  The  alloy  is  not 
heat  treatable:  therefore,  annealing  is  achieved  in  the  1325  to  1550  F  range,  followed 
by  slow  cooling.  Stress  relief  annealing  is  in  the  1000  to  1200  F  range,  followed  by 
slow  cooling. 

The  high  beta  iransus  of  the  T1-5A1-2. 5Sn  alloy  also  has  a  favuraDle  attribute 
as  it  allows  brazing  without  danger  of  beta  embrittlement  in  the  range  of  1600  to  1750  F. 
where  most  applicable  oraze  systems  for  titanium  are  processed.  The  high  beta 
.ransus  and  single-phase  character  of  Ti-SAI-2. 5Sn  also  promote  structural  stability 
of  this  alloy  in  the  proposed  range  of  operating  temperatures  (-425  F  to  1000  F>. 

3. 1. 2  Alloys  for  Honeycomb  Sandwich  Structures 

The  paramount  requirements  for  high-strength,  higb-ri^o^y  beams  made  of 
hoT'-ycomb  eaudwich  panels  are  highest  possible  foil  strength  and  modulus  values  over 
tb*  normal  range  of  operating  temperatures  (RT  to  1000  F).  High  creep  and  rupture 
strengths  become  important  for  long-term  structural  stability  above  about  $00  F.  The 
high  strength  and  high  modulus  criteria  are  most \  ital  for  the  face  sheet  alloy  (10-mil 
maximum  thickness),  permitting  the  hooey  omb  core  to  be  ra»  de  of  a  weaker,  more 
workaUe  alloy  (2  to  4-mil  thickness).  Both  foil  alloys  thus  serve  to  enhance  strength,/ 
weight  and  modulua/weight  ratios.  Cold  formabtlity  of  la^e  sheet  foil*  and  honeycomb 
core  ribbon  is  not  a  critical  requirement  inasmuch  as  t  ^  plastic  deformation  of  foils  is 
t>  'cesssry  to  make  either  the  face  sheet  or  core  component*  (i,e. ,  for  required  U$t, 
cloeed-face  panels  with  0.25  inch  square,  unit  cell  dimension).  Weldability  is  of 
minor  importance  for  initial  bonding  of  core  node  Joints  because  the  weld-ucked 
node  Joints  are  ultimately  supplanted  by  larger  and  stronger  brass  Joints. 


In  view  of  the  above  emphasis  upon  highest  possible  strength  a «d  modulus 
values,  the  following  alloys  were  selected' 

Component  First  C isoice  Rarlmp 

Face  Sheet  Ti-SAl-lMo-lV  T1-6A1-4V  (ELI) 

Honeycomb  Core  T1-6A1-4V  (ELI)  Commercially  Pure  Ti  (A- 70) 

For  highest  strength  values,  both  the  T1-6A1-4V  and  Ti-8Al-lMo-lV  alloys 
require  rather  complex  heat  treatments  above  1500  F  (Table  VI).  Quite  probably  such 
high-temperature  heat  treatment  of  foil  structures  following  brazing  or  diffusion  bond¬ 
ing  would  be  inadvisable  because  of  the  extreme  dangers  of  warpage  and  progressive 
foil  contamination.  Consequently,  candidate  foil  alloys  were  compared  in  the  fully 
annealed  condition;  ami  as  shown  in  Table  V,  the  Ti-BAl-lMo-1  V  alloy  still  retains  a 
strength  and  modulus  advantage. 

Ti-SAl-lMo-lV  Face  Sheets 

The  Ti-SAl-lMo-lV  alloy  was  selected  for  the  honeycomb  face  sheets  on  the 
bads  of  high  strength  and  modulus,  good  elevated  temperature  properties  to  1000  F. 
high  toughness,  ability  to  withstand  the  brazing  cycle,  and.  as  reported  in  Reference  2, 
has  an  alpha-rich  microstructure.  Because  of  the  weakly  stabilized  beta  phase,  the 
alloy  is  not  considered  heat  treatable  in  the  strengthening  sense;  the  good  strength  ami 
high  creep  resistance  at  room  and  elevated  temperature  are  obtained  mainly  through 
•olid  sohitioo  alloying,  particularly  in  the  alpha  phase  matrix  as  manifested  by  the 
9  percent  aluminum  addition.  The  weaker  beta  phase  stabilisation  Is  attained  by  the 
molybdenum  tuid  vanadium  add!  ti  one.  The  beta  transits  temperature  is  1900  F. 

The  Tl-flAl-iMo-1  V  alloy  develops  its  best  combination  erf  properties  in  the 
triplex  annealed  conditions;  anneal  «t  1450  F  for  8  hour*,  solution  treat  in  the  alpha- 
bets  phase  field  (1850  F),  air  cool,  sUbilire  at  1100  to  140©  F.  followed  by  air  cool 
(Ref.  3).  The  heat  treating  cycle  (latter  port-on  s!400  F)  and  high  beta  transus  ap¬ 
peared  to  he  ideally  matched  to  the  brazing  cycle*  anticipated  in  the  foil  Jotoii*  program 

On  the  debit  side,  woe  Ti-SAl-lMo-lV  alloy  has  a  history  of  experiencing 
•erica*  stress  oorrestan  problems  (Bef.  4  through  7).  to  e&Stioc,  it  was  recognised 
that  dfifiottkkts  mash  as  severe  texturing  and  cracking  might  be  experienced  in  the  foil 
ro&ag  processes  due  to  the  greet  strength  and  sttfiuess  of  the  high-alsmiaam.  alpha- 
phase  matrix. 


Because  a  material  less  strong  than  the  face  sheet  material  was  suitable,  the 
more  readily  available  Ti-6A1-4V  (Ref.  8'  was  selected  for  the  0, 002-inch  thick  core 
material  on  the  ba^s  of  its  attractive  annealed  strength  (Table  V).  good  corrosion 
resistance,  end  adequate  formability  and  weldability.  For  the  came  reasons,  this 
alloy  was  selected  as  a  backup  for  the  Ti-8AHMo-lV  face  sheet  material. 

TI-6A1-4V  is  a  heat  treatable,  alpha-beta  alloy.  The  aluminum  addition 
stabilizes  the  alpha  phase,  increases  the  beta  transus  cf  the  alloy  to  1820  F.  and 
significantly  increases  the  elevated  temperature  strength  level  of  the  alloy  {when 
compared  with  Ti-f»Al-2.5Sn  at  600  F  -  Table  V. ) 

3.1.3  Alloys  for  Tube- and- Header  Structures 

The  TJ-3AI-2. 5V  alloy  (Ref.  9)  was  the  only  high-strength  titanium  alloy 
commercial!’'  available  in  thin-wali  tube  form  (Tables  V  and  VI) .  The  Ti-CA1-4V 
alloy  was  selected  as  a  metallurgical^  compatible  header  material. 

The  TI-3A1-2.5V  is  an  alpha-beta  type  alloy,  stabilise  J  the  aluminum 
addition.  The  lov  aluminum  content  places  thr  b°ta  transus  i  17.5  -  25  degrees  F. 
a  situation  which  should  permit  brazing  and  diffusion  bonding  up  to  the  1650  to  l?CH>  F 
range.  The  alloy  is  also  repo  ted  to  be  weldable  'Ref,  9). 

'’"be  'TV3A1-2.5V  alloy  is  structurally  stable  and  does  not  respond  to  hardening 
by  heat  trerroent.  SUess  relief  and  annealing  treatments  are  usually  accomplished 
at  1 300  F  for  one  hour  followed  by  alow  cooling. 

3.1.4  Procurement  ol  Foil  and  Tubing  Material* 

Procurement  of  Phase  1  Material 

The  alloys  procured  for  Phase  1  are  listed  in  Table  Vo.  The  foil  thicknesses 
•elected  are  representative  of  current  practices  for  the  y-pea  of  foil  structures  used 
on  this  program  (Ref.  10  through  12k  The  0.002-inch  foil  thicknesses  of  the  honeycomb 
core  (Ti-«A1-4V)  and  heat  exchanger  corrugation  (Ti-5A!-2.  5Sn)  were  chosen 
as  the  minimum  amiable  sod  usable  without  excessive  complication*  to  the  program. 
The  T1-&A1-1  Mol  v  alloy  was  used  onb-  n  the  0. 010- inch  thickness  aa  thinner 
material  w  as  considered  developmental  at  t  me  of  ordering. 


table  vi 

HEAT  TREATMENTS  AND  BETA  TRANSUS  TEMPERATURES  OF  PROGRAM  ALLOYS 


Alio* 

Beta 

Traaaus 

Temperature 

(F) 

Treatment  Condition* 

'■ 

Heat  Treatment  Objective 

Tl-SAl-lMo-lV 

( 

1800 

Anneal;  1450  F,  8  hr,  FC 

TI-8AI-IM0-IV 

180C 

Triplex  Annealed;  1460  F, 

8  hr,  FC  *  1850  *,  6  min, 
AC  +  1376  F,  15  min,  AC 

T1-6A1-4V 

1820 

Solution  Treatment;  1550 
to  1750  F,  5  min  to  1  hr, 
WQagft.  900  to  1000  F, 

4  to  8  hr,  AC 

T1-6A1-4V  ELI 

1820 

Anneal:  1300  to  1550  F, 

1  to  8  hr,  SC  to  1050  F,  AC 

Maximum  tougfenee*  to  -425  F. 

T1-5.V1-2. 5Sn  ELI 

1910 

Anneal:  1325  to  1550  F, 

10  min  to  4  hr,  AC 

Optimum  propert.ee,  non-hett  treat¬ 
able  alloy  with  good  weldability. 

T1-SA1-2.5V 

Anneal:  1300  F,  1  hr,  AC 

AC  »  Air  cooled  I 

FC  “  Furnace  cooled 
SC  -  Slaw  oool 
WQ  ■  Water  quench 

ELi  *  Extra  low  Interstitial  contaminant* 


A  8  there  were  long  lead  t«mes  for  the  rsrolled  material  {<  0,  01 0-inch). 

0. 006  inch  thick  T*-5Al-2. 5Sn  and  0. 010-inch  thick  T1-6A1-4 V  were  procured  from 
material  suppliers  for  inter* m  uee  on  Phase  I  studies.  Although  these  materials  likely 
did  differ  somewhat  iu  strength  properties  from  the  ’erolied  foils,  they  were  deemed 
suitable  for  initial  braze  evaluation  studies  until  the  re  rolled  foils  were  received. 

Rerolled  alloy  foils  were  readily  available  from  only  one  supplier,  Rodney 
Metals,  Inc. ,  in  widths  up  to  12  inches  with  delivery  times  rangiuj  from  12  to  16 
weeks.  An  alternate  foil  supplier,  Hamilton  Watch  Co. ,  agreed  to  reroll  two  of  the 
foil  alloys  for  interim  use  (Table  VII),  but  would  not  accept  further  orders  until 
additional  experience  was  gained. 


-a; 


14 


Thickness 

(Isckosi 

1‘hftse  ! 
iA-iivsry 
Hate 

Price/ 

Pause 

(dsalw) 

Tl  -8Al-lMo-lV 
(AMS-4916) 

0.010 

19-1-65 

54.00 

Ti  -6A1-4V 
(AMS -OSli) 

0.01b 

JG-t-65 

45.25 

Ti  -6AI-4V 
|  {AMS-49iij 

C.0Q2 

2-15-^J 

n-SS-65 

128.25 

Ti-iiAi-iV 

{AS!S-tm> 

0.0)5 

10-1-65 

37.12 

Ti-3A1-2.5V 

10-31-65 

0.006(1) 

10-1-65 

0,6S<2) 

- 

o.e3i'X) 

0.  C'04'1' 

10-31-55 

3-15-66 

Tl  >5/4-2.553  E U 
■AMt_-i909) 

0,006 

10-1-65 

‘ 

42,25 

Ti-.Va-2.5Sn  ELI 

0.002 

2-3  0-66 

S*.25 

(AMS-4909) 

— 

- 

. . . .  , 

Sy^iier 


Pac«  aieois 


Headers 

Tube  and  Header 


Separators 

Corrugated  St 
Corrugations 


Roinev  Metals,  Inc 
Hamilton  Watch  Co. 
(Canofdledl 


'  l>0.  125  OD  Tubeu  (wail  HiSc'Rr-fcas  ihdicatcd) 
*'* Price  foot 


The  TI-3A1-2, 5  V  was  the  only  titanium  alloy  available  in  thin-wali  tube  form, 
and  Superior  Tube  Co.  was  the  only  supplier.  The  0. 031-ineh  thick  tube  was  to  be 
employed  for  tensile  testing  of  the  tube/header  joints;  the  thinner  wall  tubes  were 
expected  to  fail  in  the  tuoes  rather  then  at  the  joint  under  tensile  loading,  hence  the 
need  for  the  thicker-walled  tubing  to  force  failure  through  the  Joints. 

-  -  -  The  6v 010-inch  thick  Ti-6Al-4V  alloy  was  ordered  as  a  ready^  alternate  to  the 

Ti«8Al-lMo-lV  alloy  for  honeycomb  face  sheets  becar  se  the  Ti-BAl-lMo-lV  alloy 
had  experienced  serious  stress  corrosion  problems  which  might  preclude  its  eventual 
us©  on  the  program  (Kef.  4  through  71. 

The  extra  low  interstitial  (ELI)  grade  of  th©  T1-6A1-4V  (AMS-4007)  would 
hate  been  preferable  to  the  atandax d  grade  ordered;  however,  the  extra  time  required 
to  procure  the  ELI  grade  material  for  Phase  I  effort  could  not  be  tolerated  because 
?fT!Sht  scLsdbliug.  ELI  grades  wee*  used  exclusively  in  Phase  H  work. 


Th$  prices  shows  in  Table  VQ  are  (hoaz  quoted  in  June  1965  and  are  given  as 
a  guide  to  the  relative  coats  of  the  materials.  These  prices  are  dependent  on  the 
overall  demand  for  the  materials  and  the  size  of  the  orders,  which  affect  the  type  of 
facility  doing  the  re  rolling  and  annealing  operations,  and  the  relative  setup  cost  for 
each  foil  order.  An  example  of  the  effect  demand  has  on  the  cost  of  materials  is  the 
titanium  composite  price  index  for  sheet,  strip,  bar,  and  billet.  Thx„  index  was 
$tS.25  per  pound  in  1965.  In  1963,  after  the  use  of  titanium  was  well  established,  it 
was  $5. SO  per  pound  (Ref.  13  and  14). 

The  0. 006-inch  thick  T1-5A1-2. 5Sn  and  the  0. 010-inch  thick  Ti-8AJ-lMo-lV 
alloy  foils  frees  Rodney  Metal"  contained  distortion  imperfections  (Fig.  1  and  2). 
Although  the  material  was  usable  for  the  small  specimens  of  the  Phase  a  program, 
fabrication  of  actual  structures  in  Phase  II  would  undoubtedly  be  difficult.  According 
to  the  supplier,  the  imperfections  in  the  form  of  dimples  and  corrugations  are  typical 
of  the  shape  problems  encountered  in  the  processing  of  very  hard-to-work  alloys  in 
short  strip  lengths.  These  distortion  problems  were  expected  to  be  minimized  when 
the  raw  material  for  rerolling  became  available  in  coil  form  rather  than  in  the 
(small-order)  sheet  form  of  the  Phase  I  materials.  This  proved  to  be  the  case,  as 
no  such  problems  were  encountered  in  filling  the  larger  orders  for  Phase  n  materials. 

It  developed  ultimately  that  Hamilton  Watch  Company  was  unable  to  complete 
the  processing  of  the  0. 002-inch  thick  TI-6A1-4V  and  TI-5A1-2. 5Sn  ajuoys,  they,  there¬ 
fore,  recommended  that  the  order  with  them  be  terminated.  Although  the  order  was 
cancelled,  personnel  at  Hamilton  indicated  continuing  interest  in  developing  titanium- 
alloy  foil  rolling  capability. 

Procurement  of  Phase  n  Materials 

During  the  latter  half  of  Phase  I  work,  when  it  became  evident  that  promising 
braze  systems  were  available  for  titanium  foil  structures,  procurement  orders  were 
placed  (with  sponsor  approval)  for  sufficient  foil  materials  to  accomplish  Phase  n 
objectives. 


TABLE  Vin 

FOIL  MATERIALS  FOR  PHASE  II  -  RODNEY  METALS  INC. 


AMS 

Specific*!  loo 

Materia! 

Thlcfcnsa* 

(in.) 

Width 

(la.) 

Length14 

Total 

(ft) 

Application 

Apprwsiimue 

Weight 

(lb) 

Coet 

1 

Total  1 
Coet 
<*) 

4816 

TH-Ml-tMo-IV 

0.010 

12 

40 

Honeycomb  face  ghauts 

10 

600.  00  lot 

660 

480V 

T1-6AJ-4V  ETJ 

a. 019 

12 

40 

Backup  hoaeycomb  face 

sbseis 

10 

800.00  lot 

600 

4907 

TI-8A1-4V  EU 

0.002 

2 

460 

Honeycomb  core 

7 

145.75/lb 

1020 

4907 

T1-8A1-4V  EU 

0.002 

a 

650 

Backup  material  lor  heat 
ewrhifiger  corrugation* 

20 

144. 25/lb 

2690 

4909 

T1-5A1-2. 5Sn  ELI 

0.006 

8 

828 

Heat  exchanger  separator* 

30 

74, OO/lb 

2220 

4909 

•n-SAJ-2.au>  eu 

0. 002 

8 

650 

Heat  exchaager  corrugations 

20 

143.  30/lb 

2910 

Total 

10,240 

1 .  Random  length*  at  taut  3  fast  loog 


16-week  delivery  conditional  on  tabricabillty  ot  9. 004 -Inch  material  and  availability  of  ELI  grade* . 

Inquiries  were  sent  to  the  following  manufacturers  for  titanium  alloy  foils  in 
the  quantities  required  for  Phase  II  of  the  program, 

•  Du  Pont  Metal  Products  Division 

•  Hamilton  Watch  Company 

•  Reactive  Metals,  Inc. 

•  Rodney  Metals,  Me. 

•  Teehalloy,  Inc. 

•  Titanium  Metals  Corporation  of  America 

•  Wah  Chang  Corporatt-.v 

The  only  manufacturer  to  respond  affirmatively  was  Rc  teey  Metals,  Inc.  A  typical 
delivery  time  of  16  weeks,  and  a  total  estimated  cost  of  $10, 240  was  quoted.  T^e 
detailed  cost  figures  are  shown  in  Table  VTK. 

3.1.S  Baseline  Tests  of  Program  Foil  and  Tube  Alloys 

Mechanical  tests  to  gage  tensile  strength  and  toughness  levels  of  as-received 
(mill-annealed)  program  foils  were  conducted  to  provide  baseline  information  for  later 
test  comparisons  with  actual  bonded  foils  and  also  foils  subjected  to  thermal  cycles 
simulating  bond  processing.  A  description  of  the  program  foils  tested  is  shown  in 
Table  DC.  Testing  included  uxmotched  tensile  tests  of  program  foils  and  tubing  In 
liquid  Ng  or  air  environment  through  the  temperature  range  o'  -320  to  900  F  (Table  X) 
and  in  both  the  parallel  and  transverse  rolling  directions.  The  designs  of  the  notched 


mm 


m: 


Mechanical  Properties 
(Annealed) 


Ultimate  Tensile  Strength 


Elongation,  2  inch 
Bend  Test 
Rockwell  He  ires* 


Lmfle  Analysis 


Ti-5AJ-2,58n  ELI 

0. 003  Inch  x  8  inch 

AMS4909 

TI-6A1-4V 

0,010  Inch  x  6  inch 

AMB4911A 

Longitudinal 

Tratutverae 

Longitudinal 

Trasaverae 

117,800  pel 

119,500  psi 

161, 000  pal 

149, 850  pai 

107, 000  psi 

108, 500  pal 

128,500  pai 

135, 750  pai 

13.1% 

13.3% 

9.6% 

7.8  % 

Paaaed 

C33 

Passed 

Paaaed 

C34 

Paased 

Heat  Number  04203 

Heat  Number  D8941 

?.0% 

6.0% 

2.4% 

4.1% 

0.06% 

0.12% 

0.010% 

0.008%  to  0.010% 

0.011% 

0.014% 

0.14% 

0.08% 

0.022% 

0.025% 

0.010% 

— 

Balance 

Balance 

- - - - - - — - - . 

TI-8AI-IM0- 

IV 

0.010  inch  x 
6  inch 

Mil-T- 


Type  II 

Composition 

F 


Longitudinal 


152, 000  pal 
139, 000  psi 
11.3% 

Passed 

C31 


Heat  Number 
D8141 


I 


0.99 

0.079 

'.0119 

.0149 

0.069 

0.0239 

Balance 


and  urinate  bed  tensile  specimens  are  shown  in  Figure  3.  The  notched  tensile  test  was 
employed  to  determine  the  relative  notch- toughness  level  of  foils,  employing  the  ratios 
of  notched  ultimate  strength  to  unnotched  ultimate  strength,  and  notched  ultimate  to 
yield  strength  as  indicators.  The  higher  the  ratios  (especially  desirable  above  1. 0), 
the  greater  a  material's  relative  resistance  to  notch  or  crack  propagation  and  the 
higher  its  notch  toughness  rating. 

Tensile  testing  of  sheets  and  foils  containing  notches  or  other  stress  raisers 
has  merited  wide  discussion  in  recent  literature  (Ref.  15  through  40),  and  was  recom¬ 
mended  for  toughness  testing  by  the  ASTM  Committee  on  Fracture  Testing  of  High 


Strength  Sheet  Materials  (Ref.  13  and  19).  The  method  has  been  subjected  to  consider¬ 
able  stress  analyses  which  can  aid  in  interpreting  the  results  (Ref.  41  and  20).  Since 
the  notch  tensile  testing  method  appeared  to  be  adaptable  to  the  testing  of  foils  in  the 
0. 010-inch  thick  range  (Ref.  21  and  22),  it  was  adopted  for  the  brazing  program, 
(preliminary  work  with  bend  testing  of  foils  proved  insensitive  and  inadequate  for 
gaging  differences  in  foil  toughness. ) 

Some  investigators  favor  specimens  with  sharper  notches  which  give  high 
stress  concentrations  (Ref.  25);  however,  at  the  higher  stress  concentrations,  the 
measured  toughness  values  tend  to  be  less  dependent  upon  the  stress  concentration 
factor  itself  (Ref.  26)  and  more  sensitive  to  the  actual  toughness  characteristics  of 
the  material.  Although  the  fatigue  crack  is  reported  to  be  one  of  the  best  stress 
concentrators,  some  Investigators  favor  the  machined  notch  or  sheared  notch  (as 
adopted  here)  with  a  radius  lesi  than  0.601 -inch  because  of  cost  considerations  and 
better  uniformity  of  notches. 

The  sheared  notch  was  _■  elected  as  the  method  whi,  h  would  give  the  highest 
stress  concentration  without  excessive  complications.  It  was  reasoned  that  machined 
notches  would  be  easier  to  fabricate,  but  they  would  produce  a  relatively  low  stress 
concentration  factor  in  the  foil  sized  specimens,  even  with  tip  radii  in  the  0. 001-inch 
range.  The  low  stress  concentration  factor  would  ca’se  a  loss  in  toughness  test 
sensitivities. 

The  edge-sheared  notch  produced  with  a  precision  shear,  was  selected 
rather  than  a  central-sheared  notch  (Fig.  4)  as  the  lateral  deformation  and  buckling 
problems  of  the  central  notch  configuration  are  accentuated  in  foil  materials.  The 
ratio  of  notch  depth  to  specimen  width  of  0. 1875  (edge  notch)  fell  within  the  limits 
suggested  by  the  ASTM  Fracture  Toughness  Committee  (Ref.  18). 

The  specimen  width  to  thickness  ratio  varied  between  25  and  125  for  the  foil 
thicknesses  used  in  the  brazing  program.  It  was  suggested  by  the  ASTM  Committee 
that  the  width  to  thickness  ratio  be  kept  below  4t>  as  lateral  warping  and  buckling 
might  occur,  especially  with  pin- loaded  specimens.  However,  if  the  thinner  specimens 
had  been  made  narrower  to  comply,  the  effective  notch  stress  concentration  would 
have  been  reduce*4,  seriously  affecting  the  teat  sensitivity.  Therefore,  the  specimen 
configuration  was  maintained  as  shown  In  Figure  3  for  all  foil  thicknesses  tested. 


TABLE  XI 


AVERAGE  TENSILE  STRENGTH  RESULTS  FOR  AS- RECEIVED  TITANIUM 

ALLOY  FOILS 


Material 

Parallel 

(P> 

Transverse 

<T) 

To  Rolling 
Direction 

Tempera¬ 

ture 

m 

Yield 

Strength 

(P*9 

Ultimate 

Strength 

(psi) 

Ultimate 

Modaiaa 

(pel  *  10"6) 

- - 

Notch 
To  Avg 
Yield 
Strength 
Ratio 

Notch 

To  Art 

Ultimate 

■»« 

Ratio 

T1-6A1-8 .  SSn  ELI 

T 

75 

110,000 

119,000 

18.8 

1.47 

1.38 

(0.0063  Inch  Thick) 

P 

75 

111,000 

119,000 

18.3 

1.51 

1.38 

T 

-330 

171,000 

177,000 

1.16 

1  13 

P 

-330 

173,000 

180,000 

1.16 

1.12 

T 

800 

63,000 

73,000 

1.49 

1.27 

P 

800 

56,000 

72,000 

1.00 

1.29 

T1-6A1-4V 

T 

75 

135,000 

249,000 

15.6 

1.01 

0.91 

(0.0009  Inch  Thick) 

P 

75 

139,000 

14.7 

1.19 

1.03 

T 

-330 

21”, 000 

223,000 

0.89 

0.88 

P 

-380 

213,000 

227,000 

0.69 

0.86 

T 

800 

107,000 

1.26 

1.24 

P 

800 

100,000 

113,000 

1.18 

1.04 

Ti-aAl-lMo-IV 

T 

76 

142,000 

157,000 

17.8 

0.96 

0.87 

(0.0100  Juris  Thick) 

P 

75 

140,000 

1*3*000 

18.2 

1.08 

0.90 

T 

-330 

207,000 

■ 

0.68 

0.68 

I 

-330 

219,000 

231,000 

0.66 

0.62 

T 

300 

105,000 

114,000 

1.33 

1.22 

P 

— 

900 

. 

10**000 

u 

1.20 

1.08 

Tensile  test  data  related  to  foil*  in  the  a* -received  (mill-annealed)  condition 
are  listed  in  Table  XI  and  plotted  in  Figure  5.  In  general,  the  actual  values  of  foil 
strength  and  the  variation  with  teat  temperature  follow  very  closely  the  published  data 
(Table  XII)  for  thicker  foils  and  sheet  stock  of  the  same  alloys.  As  shown  in  Figure  5, 
foil  tensile  strengths  increased  roughly  two-  to  three-fold  from  800  to  900  F  down  to 
-320  F,  along  with  decreasing  notch/smooth  strength  ratios.  These  trends  were 
•  anticipated  from  published  data  on  annealed  sheet  stock.  The  T1-5AI-2.  SSh  alloy  ex¬ 

hibited  the  best  notch  toughness  behavior,  especially  at  -S2C  7. 

Notch/smooth  strength  ratios  considerably  lest  than  unity  were  obtained  for 
*  the  two  strongest  alloys  (Ti-8Al-lMo-lV  and  T1-6A1-4V)  at  -320  F  and  occasionally 
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TABLE  Xn 

EFFECT  OF  FOIL  THICKNESS  ON  MECHANICAL  PROPERTIES  OF  TITANIUM 

ALLOY  FOILS  (Ref.  42) 


at  room  temperatur.  It  was  felt  that  the  practical  significance  of  this  trend  toward 
Increasing  notch  sensitivity  with  decreasing  test  temperature  would  be  revealed  in 
Phase  n  foil  component  testing. 

Some  minor  variations  in  strength  and  notch  toughness  were  recorded  with 
differences  in  test  direction  (1.  e, ,  transverse  versus  parallel  orientation  to  rolling 
direction).  However,  elastic  moduli!  (RT)  definitely  were  greater  in  the  transverse 
direction  in  all  cases  due  to  anisotropy  effects.  Possible  future  advantages  might  be 
taken  of  this  directional  behavior  in  component  assembly  for  highest  possible  rigidity. 
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FIGURE  1. 

DIMPLES  AND  WRINKLES  IN 
AS-RECEIVED  TI-5A1-2. 5Sta 
ALLOY  FOIL 
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FIGURE  2. 
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FIGURE  3.  FOIL  TENSILE  TEST  SPECIMENS 
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ULTIMA  If;  TKN81LE  STHENCTII  (ksS) 
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3,  1  TASK  II  -  EFFECT  OF  SIMULATED  BRAZE  CYCLE  EXPOSURE  UPON  FOIL  \ 

The  original  intent  of  Task  II  was  to  determine  the  degree  of  degradation  in  | 

foil  strength  and  toughness  levels  ca  d  by  the  thermal  c •’cling  associated  with  j 

typical  brazing  and  diffusion  bonding  processes,  in  tills  way.  it  was  hoped  that  prae-  j 

tical  limits  could  be  placed  upon  bond  process  time  and  temperature  parameters  to  i 

l 

ensure  adequate  mention  (V5  to  10  percent)  of  original  foil  strength  and  toughness  | 

levels  for  each  foil  alloy  in  the  main  body  of  ihe  foil  structure.  It  was  anticipated  ; 

that  charts  similar  to  the  hypothetical  one  shown  in  Figure  6  could  be  developed  from 
test  data  to  indie. u?  safe  limits  of  bond-process  temperature  and  time.  {Gradual  ; 

deterioration  of  foil  properties  was  expected  during  thermal  cycling  due  to  progres¬ 
sive  foil  contamination  from  process  environment,  recrystal  Elation,  grain  grov-th 
effects,  and  beta  vmbri'  .cnt  at  temperatures  above  each  foil  alloy's  beta  transua. ) 

Earl*’  work  as  carried  out  to  establish  sate  process  limits  along  these  lines 
of  thought,  U’ute*ehed  tensi  specimens  of  0,  006-inch  Ti-5Al-2.5Sn  and  0.  OlO-ineh 
Ti-6Ai-4V  foils  ■  ere  subjected  to  simulated  vacuum  braze  cycles  in  the  temperature 
range  of  ’TOO  to  TOGO  F  for  times  of  5  to  30  minutes.  The  minimal  effects  of  these 
simulated  M^fl-temperature  braze  cycle'  {very  near  the  beta-transus  temperatures)  ; 

u^on  yield  strength  and  tensile  strength  levels  are  shown  in  Figures  7  and  8. 

A' out  the  same  time,  it  was  learned  in  concurrent  work  evaluating  candidate 
braze  systems  that  the  joint  nurtures  and  mechanical  properties  of  program  foils  j 

are  vulnerable  to  much  more  severe  and  rapid  degradation  by  ihe  actior  of  the  liquid 
braze  materials  alone.  These  factors,  including  progressive  erosion  and  dissolution  j 

of  foils  and  beta-embrittlement  of  braze-affected  foils,  were  observed  to  occur  in  the  j 

lower  range  of  process  temperatures  (~  1600  to  1700  F),  becoming  serious  problems  ! 

for  process  times  >  10  to  20  minutes.  The  threshold  temperature  of  the  undesirable  \ 

braze/foil  reactions,  several  hundred  degrees  below  the  foil  alloys'  beta  tram  as  ; 

temperatures,  were  well  below  the  process  temperatures  which  might  reasonably  be  j 

5 

expected  to  cause  significant  thermal  degradation  of  foil  properties.  jj 

i 


5 
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In  view  of  the  preceding  discussion,  it  became  e\  ident  that- 

•  Extensive  study  of  sending  process  time-temperature  effects  on  foils 
would  not  be  pertinent  because  of  more  serious  limitations  on  bonding 
parameters  imposed  by  the  more  pr=  mieing  c  andidate  braze  materials 
vheniselves  (viz. ,  through  f  1  erosion  and  chemical- structural  modifica¬ 
tion  of  foils). 

•  Curves  of  the  effect  cf  .dgh  process  tempeatures  and  extended  process 
time  on  the  mechanical  properties  of  program  foils  were  no  longer  of 
primary  importance  to  optimize  eventual  joining  processes. 

Therefore,  the  test  program  for  Task  n  was  modified  to  the  schedule  shown  in  Table  X. 
Thfc  program  was  deigned  tG  complement  i  ae  evrluatiou  of  the  as-received  mechanical 
strength  and  tough.ess  properties  of  the  px  gran,  foils,  and  to  compare  these  properties 
with  tiw  properties  after  simulated  brazing  at  probable  safe  maximum  process  tempera¬ 
tures  (based  on  “iorementloned  braze  evaluation  studies). 

Test  specimens  of  all  foil  and  tube  alloys  were  mechanically  tested  at  three 
temperatures  both  before  Mid  after  a  simulated  braze  cycle.  The  braze-eycled  foils 
v.  ei*e  tested  in  tension  (notched  and  unnotched)  in  direction  transverse  to  the  direction 
cf  rolling  (Fig.  3),  Testing  temperatures  were  -320  F,  ambient  temperaiure,  and  an 
elevated  temperature  listed  in  Table  X.  The  procedure  for  tensile  testing  tubes  was 
similar  lo  that  used  for  testing  foils,  but  wit*,  loading  only  in  the  direction  of  the  axis 
and  without  notches  (Fig.  9). 

The  braze  cycles  were  simulated  by  heating  tensile  test  specimens  in  a  cold- 
-5 

wall  vac ”i mi  furnace  (i.O  x  10  Torr)  at  a  rate  of  100  degrees  F/minute  from  1000  F 
to  the  braze  temperature,  holding  20  minutes,  then  cooling  at  a  rate  of  50  degrees  F/ 
minute  to  1000  F.  The  simulated  braze  temperatures  chosen  for  test  were  approxi¬ 
mately  5u  degrees  F  below  the  beta  transus  temperatures  for  each  program  alloy  foil 
or  tube.  These  simulated  braze  femperatures  were: 


Program  Alloy 


Simulated  Brazing  Temperature  (F) 


T1-5A1-2, 5Sn  (0.006  in.) 

1850 

Ti-6A1-4V  (0, 010  in. ) 

1775 

Ti-8Al-lMo-lV  (0.010  in.) 

1850 

Ti-3A1-2.5V  (0.002  in.  wall)) 

Ti-3A1-2.5V  (0,006  in.  wall)) 

1675 
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TABLE  XIII 


TENSILE  TEST  DATA  FOR  TITANIUM  ALLOY  FOILS  FOLLOWING  SIMULATED 

BRAZE  CYCLES 


Material 

Simulated 

Braze 

(F) 

Test 

Temp. 

(F) 

Yield 

Strength 

(P«i) 

r-  “ 

Ultimate 

Strength 

(psi) 

Elastic 

Modulus 

(psi  x  10-6) 

Notch 
To  Avg 
Yield 
Strength 
Ratio 

Notch 

To  Avg 
Ultimate 
Strength 
Ratio 

Ti-SAl-2 . 5Sn  ELI 

1850 

75 

109,000 

119,000 

16.4 

1.54 

1.41 

(0.0062  Inch  Thick) 

1850 

-320 

199,000 

1.J.2 

1850 

600 

70,000 

1850 

600 

70,000 

tic-  : 

‘  j 

Ti-6A1-4V 

17?* 

75 

122,000 

134,000 

16,6 

1.26 

5 >4  ; 

(0.0099  Inch  Thick) 

1775 

-320 

207,000 

d  r  ! 

V  >  j 

1775 

800 

106,000 

1.09  | 

Ti-8Al-IMo-lV 

1850 

75 

134,000 

139,000 

18.0 

1.28 

1.23  ! 

(0.0100  Inch  'Thick) 

1850 

-320 

220,000 

0.79 

1850 

900 

■ _ _ 

91,000 

_ 

1,18 

,  All  values  are  for  specimens  cut  transverse  to  rolling  direction 

i _ _ _ 


The  tensile  test  results  are  summarized  in  Table  XIII  and  graphically  com¬ 
pared  with  test  data  for  program  foils  in  the  as-received  (mill-annealed)  condition  in 
Figures  10,  11,  and  12.  All  room  and  elevated  temperature  tests  were  conducted  in 
air  atmosphere. 

The  results  for  the  Ti-5Al-2.5Sn  alloy  show  very  little  change  in  strength 
properties  or  notch  sensitivity  due  to  the  simulated  braze  cycle,  as  anticipated  for  this 
alloy.  One  exception  is  the  -320  F  strength,  which  was  increased  from  an  average 
177,  000  psi  to  199,  000  psi  (Fig.  12).  Both  the  Ti-6A1-4V  and  the  Ti-SAl-lMo-lV 
heat  treatable  alloys  experienced  minor  decrease  in  strength  and  notch  sensitivity  of 
room  temperature  following  the  simulated  braze  cycle.  These  changes  were  expected 
due  to  the  effective  annealing  of  the  alloys  at  the  simulated  braze  temperatures.  Also, 
noth  ti.  Ti-6Al-4V  and  Ti-8Al-lMo-l  V  showed  improvement  in  elastic  mcdulus  at 
room  temperature  following  t^e  simulated  braze  cvcie  (Fig.  10).  A  possible  explana¬ 
tion  for  modulus  increase  in  the  transverse  direction  might  be  the  more  pronounced 
-phase  texturing  due  to  annealing  effects  at  the  braze  temperature,  hence  intensified 
anisotropy.  As-received  foils  all  have  exhibited  higher  elastic  modulii  in  the  trans¬ 
verse  test  direction. 


29 


TABLE  XIV 

PROPERTIES  AND  ANALYSIS  OF  T1-3A1-2. 5v  TITANIUM  ALLOY  TUBING 


Alloy 

Ti-aAi-s.ev 

TI-8A1-J-8V 

Farm 

Saamlaaa  Tab  lag 

Seomlass  Two  lag 

six# 

i 

9. 138  lash  O.D.  s  0,00*  iat&  wall  0.118  lack  O.D,  x  0.008  look  wall 

i 

|  Ulttautte  Taaafie  SSr«*gft  91,300  pal 

94,700  p*l 

93,300  pal 

Eloagxtioa,  3  lncfe 

14% 

13% 

18% 

Chemical  Aaalyaia 

Heat  Number  30095 

Beat  Number  30095 

A1 

3.1% 

3.1% 

1  v 

2,5% 

?.5% 

|  0, 

A 

0.11% 

0.11% 

18  ppm 

16  ppm 

0.01% 

0.01% 

C 

0.05% 

0.05% 

Tl 

Balanoe 

Baliace 

The  decrease  in  strength  and  notch  sensitivity  following  braze  cycling  of  the 
Ti~t>Al“4V  alloy  extended  to  -320  F.  At  800  F,  strength  and  notch  sensitivity  re¬ 
mained  essentially  unchanged.  No  change  in  strength  was  noted  for  the  Ti-8Al-lMo-l  V 
alloy  at  -320  F  but  a  slight  gain  in  notch  toughness  was  effected  by  the  braze  cycle. 

At  900  F,  average  foil  strength  dropped  from  114„  000  psi  to  91,000,  although  notch 
sensitivity  did  not  change. 

It  should  be  noted  that  the  modest  improvements  in  foil  notch  toughness  at 
room  and  cryogenic  temperatures  due  to  the  braze  thermal  cycles  more  than  compen¬ 
sates  for  the  rather  minor  losses  in  foil  strength.  In  general,  it  can  be  concluded 
that  the  braze  cycles  tested,  representing  safe  maximum  process  limits,  do  not 
significantly  impair  foil  strengths  or  notch  toughness  levels  in  braze  unaffected 
zones. 

Tensile  tests  were  performed  on  Ti-3Al-2. 5V  titanium  alloy  tubes  obtained 
from  Superior  Tube  Company  (Table  X).  The  objectives  of  the  tests  were  to  deter¬ 
mine  the  baseline  strength  of  the  tubes  and  the  change  in  strength  caused  by  ine  safe 
maximum  braze  time-temperature  cycles.  The  chemical  compositions  and  tensile 
strengths  of  the  Ti-3Al-2.r»V  tubing,  as  certified  by  ‘he  supplier,  are  given  in  Table  XIV. 
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The  average  cross-sectional  (load  carrying)  areas  of  the  tubes  were  cal¬ 
culated  from  precision  weight  and  length  measurements  using  a  density  value  of 
0.162  pound/cubic  inch  as  given  in  Reference  43. 

The  tubes  when  subjected  to  a  simulated  braze  cycle,  were  heated  at  a 
controlled  rate  of  100  degrees  F/minute  to  a  temperature  of  1675  F,  held  at  this  tem¬ 
perature  for  20  minutes,  cooled  at  a  rate  of  50  degrees  r ’  linute  to  1000  F,  and  then 

furnace  cooled  to  room  temperature.  The  cycles  were  performed  in  a  cold  wall 

-6 

vacuum  furnace  with  typical  vacuums  of  5  x  10  Torr. 

The  tubes  were  gripped  with  Swageloc-k  stainless  steel  tube  fittings  as  shown 
in  Figure  9.  Solid  end  plugs  (also  shown  in  Figure  9)  were  inserted  into  the  tubes  in 
the  region  of  the  fittings  to  prevent  the  fittings  from  collapsing  the  tubes.  During 
loading,  the  tendency  of  the  tubes  to  reduce  in  diameter  caused  the  plugs  to  carry 
some  of  the  end  load,  thereby  assuring  that  all  ultimate  tube  failures  would  occur  near 
the  center  of  the  tube  test  section. 

The  ultimate  strengths  were  determined  at  three  test  temperatures:  -320  F. 
room  temperature,  and  COO  F:  and  the  results  are  shown  in  Table  XV  and  in  Figure  13. 
All  failures  occurred  in  the  center  section  of  the  tube  specimens.  Also  shown  in 
Figure  13  for  comparison  are  typical  tube  strength  data  obtained  from  DMIC  Memo¬ 
randum  171  (Ref.  43). 

At  room  temperature,  the  as-received  0. 006-inch  thick  tubes  were  26  percent 
stronger  than  the  0. 002-inch  thick  tubes.  At  -320  F.  the  strength  differential  amounted 
to  11.0  percent;  at  600  F,  52  percent;  indicating  significantly  greater  recovery  re¬ 
sponse  to  mill-annealing  by  the  more  heavily  worked  0.  002-inch  thick  wall  tubing. 

The  0. 002-inch  thick  tube  strength  at  room  temperature  was  closest  to  the  typical 
value  given  in  DMIC  Memorandum  171  (Ref.  43). 

The  simulated  brazing  cycles  had  only  a  small  effect  on  the  ultimate  strengths 
of  the  tubes,  as  was  expected  with  this  non-heat  treatable  alloy.  The  strengths  of  the 
0.  002-inch  thick  tubes  were  improved  slightly  by  the  simulated  braze  cycle,  compared 
to  c  slight  decrease  in  strength  for  the  0.  006-inch  thick  tubes. 


TABLE  XV 

ULTIMATE  STRENGTHS  OF  Ti-3Ai-2.5V  ALLOY  TUBTNG 


Specimen 

No. 

Condition 

As  Rac'd 

(R) 

Simulated 

Braze 

(S) 

Wall 

TWckness 

(Inches) 

Test 

Temp. 

<F) 

Ultimate 

Strength 

(psi) 

Average 

Ultimate 

Strength 

(psi) 

T-i 

R 

0.0017 

75 

92,000 

T-2 

R 

0.0017 

75 

92.000 

92,000 

T-3 

R 

0.0017 

75 

92,000 

T-10 

R 

0.0017 

-320 

168,000 

T"ll 

R 

0.0017 

-320 

170, 000 

170.  000 

T-12 

R 

0.C’7 

‘  -320 

173,000 

T-16 

R 

0.0017 

600 

49,  000 

T-17 

R 

0.0017 

600 

63, 000 

48,000 

T-18 

R 

0.0017 

600 

46,  000 

T-7 

S 

75 

98,000 

T-8 

S 

75 

95.  000 

96,  000 

T-S 

S 

0.0017 

75 

95.000 

T-13 

S 

-320 

180, 000 

T-14 

s 

-320 

182,000 

162,  000 

T-15 

s 

0.0017 

-820 

182,000 

T-19 

s 

0.0017 

600 

52,  000 

T-20 

s 

600 

50,  000 

52, 000 

T-21 

s 

0.0017 

600 

55,  000 

T-4 

R 

0.0057 

1 1  - 

120,  000 

R 

75 

114,000 

116,  000 

T-6 

R 

75 

113.000 

T-27 

R 

0.0056 

-320 

188,000 

T-28 

R 

0. 006’ 

-320 

188,000 

188,000 

T-29 

R 

0. 0056 

-320 

187,000 

T-33 

R 

0.0057 

600 

73,000 

T-34 

R 

0.0066 

600 

74,  000 

73,000 

T-35 

R 

0.0057 

600 

73,000 

T-24 

S 

0.0057 

75 

108,  000 

: 

T-25 

s 

0.0057 

75 

no,  ooo 

109,  000 

T-26 

s 

0.0056 

75 

107,000 

T-30 

s 

0.0057 

-120 

184,000 

T-31 

s 

0.0067 

-320 

186,  000 

185,  000 

T-32 

s 

0.0056 

-320 

187,  000 

T-36 

s 

0.0056 

600 

66,  000 

T-37 

s 

0.0057 

600 

67,000 

66,000 

T-38 

s 

0.0056 

800 

66, 000 

Superior  Tube  Company  -  No.  3  Temper 
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task  in  -  selection 


OF  CANDIDATE  BONDING  AND  BRAZE  ALLOY  SYSTEMS 


Ideally,  every  titanium-foil  structure  should  be  made  integrally  from  a  single- 
(or  other  metal  shape)  thereby  eliminating  the  need  for  artifically  pre- 
:  (i  joints.  However,  since  this  concept  is  still  beyond  the  state  of  the  art  for*  such 
i  *lr:x  aerospace  structures  as  thin  foil  heat  exchangers  and  honeycomb  panels,  it 
1  scssary  for  joining  methods  to  be  developed  which  can  tie  together  the  required 
oi'  components  in  such  a  maimer  as  to  approximate  an  integral  structure.  The  study 


A  k:nt  structural  requirements,  therefore,  is  really  the  logical  3tudy  and  evaluation 
of  permissible  compromises  made  in  component  strength,  stability,  toughness,  and 
corrosion-resistance  for  the  sole  purpose  of  permanently  bonding  an  assemblage  of 
foils  into  a  single  unit.  The  proper  balance  of  compromises  produces  the  optimum 
fabricated  structure.  In  general,  the  categories  of  joint  strength,  toughness,  dimen¬ 
sional  and  metallurgical  stability,  corrosion  resistance,  and  weight  penalties  are  of 
prime  importance  to  titanium  foil  structures. 


'5.3.1  Corrosion  Resistance  of  Joints 


Severe  corrosive  attack  of  titanium  alloys  by  aerosol  or  fused  salt  media 
containing  halide  salts  or  dissolved  halogens  is  undoubtedly  the  most  serious  problem 
threatening  the  general  application  of  brazed  titanium  foil  structures.  Little  is  kno’vn 
of  the  corrosion  mechanism  except  that  it  is  essentially  galvanic  by  nature.  However, 
practical  experience  has  shown  that  dissimilar  metal  joints,  especially  those  brazed 
with  the  currently  popular  silver-base  alloys,  are  particularly  susceptible  to  crevice- 
type  corrosion  (RT  to  200  F).  Silver-brazed  titanium  T-joints  commonly  fail  cata¬ 
strophically  after  10  to  15  hours  exposure  to  200  F  salt  spray  (unstressed  condition) 
and,  as  shown  in  Figure  14,  crevice- corrosion  failure  normally  occurs  along  the 
Ti/TiAg  interface.  This  degiee  of  Joint  deterioration  would  be  intolerable  in  both  the 
heat  exchanger  and  honeycomb  structures.  Rather,  the  joints  must  remain  sound  and 
leak-tight  for  extended  periods  of  operation.  This  structural  requirement  is  of  ex¬ 
treme  importance. 

.  3. 2  Joint  Strength  and  Toughness 

The  nominal  design  stresses  imposed  upon  joints  in  typical  foil  heat  ex¬ 
changers  (through  internal  pressurization  or  pressure  differentials)  and  honeycomb 
panels  (chiefly  through  flexure)  are  quite  low.  However,  7ery  high  transient  stresses 
of  indeterminate  magnitude  can  be  experienced  in  localized  joint  regions  due  to  severe 
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;-  •!*  gradient;,  and/or  aerodynamic  shock  loads  encountered  in  normal  service. 

of  such  transient  stresses  can  be  intensified  by  virtue  of  the  natural  stress 
concentrations  imposed  by  the  typical  (angular)  joint  geometries  and  their  intrinsic 
r  igidity  (Fig.  15  and  KJ),  and  by  Internal  stress  concentration  due  to  ir.icrocracks 
formed  at  moderate  stress  levels  in  relatively  hard,  high-modulus,  secondary  phases 
of  filler  materials  (e.g. ,  the  TiAg  phase  encountered  with  silver-base  braze  alloys 
or  beryllides  in  Ti-Zr-Be  braze  alloys). 

Consequently,  it  becomes  imperative  that  joint  matrices  achieve  a  proper 
airii'c  e  between  strength  and  toughness.  High  strength,  approaching  that  of  the  parent 
foil,  is  desirable  to  resist  permanent  joint  deformation  and  resultant  component  dis¬ 
tortion  during  periods  of  high  transient  stress  and  also  to  better  combat  thermal 
fatigue  failure.  A  good  matrix  toughness  rating  is  equally  desirable  to  minimize  the 
likelihood  of  stress  concentration  cracking  and  premature  joint  failure.  Solar's 
concern  with  joint  strength  and  toughness  was  reflected  in  the  choice  of  the  test  speci¬ 
men  types  to  screen  candidate  bonding  systems;  the  T-joint  tensile  test  specimen 
(Fig.  17)  and  the  double -lap  joint  peel  test  specimen  (Fig.  18).  Both  tests  measure 
relative  joint  strength  and  toughness  under  conditions  simulating  the  stress  fields 
and  natural  geometric  stress  concentration  found  in  foil  structures. 

3.5.3  Dimensional  and  Metallurgical  Stability 

Honeycomb  panels  and  heat  exchanger  structures  txe  required  to  have  pre¬ 
cisely  controlled  external  dimensions.  Therefore,  it  follows  that  suitable  joining 
methods  must  be  perfectly  adaptable  to  the  exact  fit-ups  and  carefully  tailored  dimen¬ 
sions  of  a  precision  assembly.  Tg  avoid  progressive  thermal  distortion  and  joint- 
mismatch  ir  the  making  of  thousands  of  interconnected  and  interrelated  joints,  It 
becomes  advisable  to  accomplish  all  of  the  joints  simultaneously.  This  is  feasible  on 
a  large  scale  only  through  brazing  and,  in  certain  instances,  diffusion  bonding.  Even 
these  joining  techniques  may  contribute  to  dimensional  instability  if  process  heating 
and  cooling  rates  cannot  be  made  uniform  throughout  the  foil  structure.  As  a  result 
of  this  situation,  dimensional  control  can  readily  be  lost  through  non- simultaneous 
joining  and  by  thermal  distortion  or  warpage  of  the  erratically  joined  integral  structure. 
Excessive  liquid  braze  erosion  of  foil  faying  surfaces  can  also  create  problems  of 
dimensional  stability  by  consuming  variable  amounts  of  foil  length,  thereby  disrupting 
or  weakening  joint  areas  and  changing  critical  component  dimensions. 


F 


Metallurgical  instability  is  a  different  problem  which  aHses  from  undesirable 
foil  structural  changes  oecuring  during  heat  treatment  associated  with  the  joining 
process  or  due  to  foil/braze  (or  foil/interleaf)  interaction,  A  good  example  of  metal¬ 
lurgical  instability  derived  from  process  heat  treatment  is  beta  embrittlement  of  foils, 
related  to  beta-phase  grain  gro  to  and  second-phase  dissolution  and  subsequent  re- 
precipitation  effects  in  the  all-beta  field  (e.  g. ,  >  1850  F  fov  Ti-6A1-4V  foil  or  >  1900  F 
for  Ti-8Al-lMo~lV,  and  Ti-5Al~2.5Sn  foils).  The  braze  cycle  simulation  work  pre¬ 
viously  described  was  designed  to  characterise  this  problem.  Foil  instability  arising 
from  foil/braze  interaction  may  be  evidenced  by  regions  of  high  hardness  and  em¬ 
brittlement  in  the  braze-affected  foil  resulting  from  undesirable  beta  transformation 
products  on  cooling  (e.g. .  omega,  alpha-prime,  or  pqu.nnrium  alpha  phase  extensively 
hardened  by  interstitial  ^  ment  absorption).  The  Ti-8Al-lMo-lV  alloy  is  also  suscep¬ 
tible  to  an  alpha-ordering  phenomenon,  particularly  intense  when  contaminaf'-H  with 
alpha-stabilizing  interstitials  picked  up  during  joining,  leading  to  losses  of  strength 
and  ductility  and  increased  susceptibility  to  salt  corrosion.  It  follows,  therefore,  that  : 

the  joining  process  itself  must  not  act  to  induce  instability  of  either  kind. 

8.3.4  Weight  and  Process  Considerations  j 

The  task  of  making  toil  joints  incurs  a  penalty  in  the  form  of  braze  alloy  | 

weight  or  interleaf  material  weight  (diffusion  bonding).  The  single  possible  exception  5 

is  spR-diffusion  bonding  which  appears  feasible  only  for  tube-to-he»der  joints,  j 

characteristically  posse,  sing  large,  well- supported  faying  areas.  (Honeycomb  core-  \ 

i 

to-face  sheet  joints,  as  well  as  plate-to-fin  joints  do  not  adapt  well  to  diffusion  bond¬ 
ing  parameters  of  high  stress-temperature  because  of  the  extreme  flexibility  and  low  j 

binkling  resistance  of  these  structures. )  \ 

j 

Typical  weight  penalties  rajige  from  0. 5  to  1. 0  percent  of  total  structure 
weight  for  diffusion  bonding  or  in-situ  brazing,  and  up  to  as  much  as  3.0 to 5.0  oercent  j 

of  total  weight  for  conventional  p;  .,uer  of  f' 4 1-type  braze  loading.  The  objective  in  all  \ 

cases  is  to  provide  100  percent  bonding  of  alt  faying  surfgros  with  the  formation  of  the 
smallest  useful  fillet  (i.  e. ,  minimal  fillet  brazing).  The  overly  large  fillet  in  foil 
joints  is  usually  superfluous  from  a  design  standpoint,  yet  contributes  most  to  braze  S 

weight.  I 
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In  situ  brazing  requires  the  best  fit- ups  (as  precise  as  for  'Hfbmion  bonding) 
but  definite  advantages  accrue  in  weight  saving.  Ideally,  the  in- situ  braze  process 
outs  a  thir.  layer  of  braze  alloy  solely  thw  faying  surfaces  in  sufficient  quantity  to 
j-.-st  bridge  the  tlt-up  gap  with  minimal  flow  and  filleting.  Examples  could  include 
Ni-P  eutectic  braze  <dWo  plat"'1  (”-*nigen  plating  process)  upon  faying  surfaces 
(0,  0001  inch  thick)  or  very  fine  powders  of  friable  braze  alloys  slurry-coated  upon 
faying  surfaces  (0.0001  inch  thick).  Add  ; onai  processing  advantages  of  in~situ 
brazing  are: 

«  Heating  rate  of  the  brazing  temperature  is  not  usually  cricital  inasmuch 
as  only  short-path  braze  flow  and  negligible  filleting  are  required.  This 
situation  eases  the  normally  difficult  process  and  equipment  require¬ 
ment  for  rapid  heating,  and  thereby  minimizes  the  likelihood  for  thermal 
distortion.  (The  in-situ  process  guide  lire  is  most  applicable  to  plate- 
and-fin  heat  exchanger  technology  where  heating  rates  are  naturally  and 
unavoidably  slo  v,  and  faying  surface  fit-ups  have  to  be  near  perfect 
regardless  of  brazing  te<~  !qn"  ) 

•  Further  weight  savings  can  be  achieved  in  the  case  of  honeycomb  brazing 
inasmuch  as  node  flow  can  be  avoided  entirely  through  minimal  braze 
loading.  Normally,  diffusion  bonded  or  resistance  welded  node  joints 
require  no  further  reinforcement  by  brazing. 

Conventional  braze  loading  consists  simp  of  placing  braze  alloy  powder  or 
wire  immediately  a  Ijacent  io  the  joint  faying  surfaces.  Normal  liquid  flow  and  fillet¬ 
ing  carries  the  braze  material  into  the  joint  area.  Obvious  advantages  of  conventional 
braze  loading  are: 

•  High  nrecision  fit-ups  are  not  mandatory,  although  usually  desirable  to 
minimize  distortion. 

•  Leading  technique  is  relatively  simple  and  inexpensive,  contrasted  with 
the  in-situ  loading  technique. 

•  Conventional  nondestructive  inspection  methods  can  be  used  to  ensure 
quality. 

A  less  obvious,  but  very  real,  advantage  of  conventional  loading  is  that  the  large 
fillets  produced  help  to  lower  applied  stress  levels  (buttressing  effect)  and  reduce 
stress  concentrations  in  braze  joints.  For  example,  in  a  honeycomb  panel,  both 
core-face  sheet  joints  and  node  joints  would  be  benefitted  by  the  heavier  flow.  This 
advantage  can  be  beneficial  to  brazement  reliability,  especially  in  braze  systems 
characterized  by  potentially  embrittling  irterfacial  compound  formation  (e.  g. ,  the 
iiAg  interraetallic  in  silver-base  systems)  or  random  occurrence  of  massive  inter- 
metallic  phases  (e.p. ,  titanium  beryllides  in  the  TiBe  system). 
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The  weight  problem  and  associated  bond  process  problems  of  variably 
"precise  fit-ups,  heating- rate  sensitivity,  and  braze  loading  techniques  (with  their 
individual  advantages  and  disadvantages)  had  to  be  considered  in  selecting  the  most 
premising  bonding  systems  for  study.  A  distinct  advantage  resides  with  the  more 
versatile  braze  alloys  v.hich  can  operate  well  in  either  in- situ  or  conventional  braze 
situations,  and  are  relatively  insensitive  to  normal  (design-imposed)  variations  in 
heating  rate,  braze  loading,  and  degree  of  fit-up.  Such  versatility  permits  wider 
tolerances  for  process  parameters,  a  larger  measure  of  bond  process  control,  and 
more  reliable  f  il  joints.  Varying  the  braze  load  also  permits  some  control  over  the 
weight  penalty.  Additional  advantages  in  weight  reduction  accrue  to  the  le.:s  dense 
braze  alloys,  such  as  the  newer  varieties  of  Ti-  or  Zr-baee,  as  contrasted  with  these 
of  Ag-  or  Pd- base.  The  relative  densities  of  these  elements  are: 


Density 

Element 

(gm/cc) 

Ti 

4.51 

Zr 

6.49 

Ag 

10.49 

Pd 

12.02 

v>.  u,  u  niuiiyoio  in  ru»i  Problems 

The  currently  available  braze  systems  used  to  join  titanium  suffer  from  the 
fact  that  they  were  not  devised  specifically  for  the  unique  metallurgical  problems  of 
titanium  alloys.  For  example,  braze  alloys  based  upon  the  two  eutectics  in  the  Ti-Nt 
binary  system,  Ti-66Ni  (2040  F)  and  TI-20N1  (1725  F),  have  been  evaluated  by  Industry 
(Ref.  44).  The  high  titanium  levels  ensure  good  self-fluxing  ability  and  fluidity.  The 
principal  problem  with  the  high-nickel  variety  is  rapid  and  severe  erosion  of  the 
ibicumuH  aiiuy  u*'*«  ♦->  the  tendency  oi  tne  liquiu  braze  to  dissolve  toll 

to  more  closely  approach  thermodynamic  equilibrium.  This  tendency  lms  been  observed 
to  be  aggravated  at  brazing  temperatures  >  1750  F  for  simila.  nonequ- librium  systems. 
The  lower  temperature  TI-28N1  eutectic  braze  alloy  shows  much  reduced  erosion 
tendency  because  the  liquid  braze  can  coexist  under  quasi-equilibrium  conditions  with 
the  terminal  titanium  solid  solution  at  or  Just  above  the  eutectic  temperature  (1750  to 
1775  F).  However,  upon  braze  solidification,  the  preponderant  phase  in  volume  per¬ 
cent  is  the  brittle  intermetaliic  TigNi,  which  create  a  poor  engineering  structure. . 
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To  minimize  brittle  intermetallics  and  erosion  problems,  most  investigators 
have  resorted  to  silver-base  braze  alloys  will  doubtful  success  (Ref.  45 and 4(1).  Typi¬ 
cal  silver-base  braze  alloys  used  in  production  brazing  of  titanium  are  Ag-5Al-0.  2Mn 
(1650  F),  Ag-2Li  (1400  F).  Ag-lOSn  (1700  F),  and  Ag-28Cu-0. 2Li  (1500  F).  Ln  high 
vacuum  or  gettered  argon  atmosphere,  these  silver-base  alloys  flow  well  on  titanium 
surfaces  without  flux.  The  rapid  formation  of  the  semi-ductile  intermetallic,  TiAg, 
at  the  braze/subetrate  interface  acts  as  a  physical  barrier  to  titanium  erosion.  The 
TiAg  phase  has  quite  good  adhesion,  but  a  lower  coefficient  of  expansion  than  eithei 
braze  or  foil.  Consequently,  on  cooling,  cleavage  cracks  frequently  form  within  the 
interface  region.  An  even  more  serious  problem  has  been  crevice  corrosion  cracking 
in  marine  atmosphere  and  industrial  environments  (requiring  several  weeks  or  months 
to  be  evidenced  at  ambient  temperature).  Crevice  corrosion  cracking  along  the 
Ti/TiAg  interface  takes  place  in  silver  alloy  brazen, ants  (frequently  in  an  insidious 
manner)  that  are  difficult  to  detect  without  handling  the  parts.  The  interface  corrosion 
can  be  accelerated  by  salt  spray  testing  (5%NaCl,  200  F),  requiring  10  to  15  hours 
of  s,  ay  exposure.  Apparently,  the  problem  arises  from  a  strong  surface  electro¬ 
motive  force  potential  generated  between  the  TlAg/Ag  or  TiAg/Ti  couples  (Fig.  14) 

Another  metallurgical  problem  to  consider  in  titanium  foil  brazing  is  that  of 
preventing  beta  embrittlement.  Prolonged  heating  above  the  beta  trar'  is  tempera- 
tures1  of  most  commercial  titanium  alloys  gives  rise  to  a  matrix  structural  change 
termed  ’’bet.*  embrittlement'',  characterized  by  low  ductility  and  lew  notch  toughness 
levels,  The  coarse-grained  Widmanstatten  structures  generated  are  somewhat 
harder  and  considerably  lass  ductile  than  the  former  equilibrium  or  hea;  treated 
structures.  The /Tire  cr  \  by  a  combination  of  beta  grain  growth,  absorption  and 

redistribution  uf  interstitluj  element  contaminants,  ami  formation  of  nonequilibrium 
tfsn.dtlon  pr  due  ,  s  cooling.  Prevention  is  the  best  remedy  for  beta  embrittle¬ 
ment,  Therefore,  it  is  imperative  that  titanium  foil  brazing- be  conducted  well  below 
each  foil  alloy's  beta  traneus  temperature  and  that  the  effective  beta  transits  of  braze  - 
affected  foil  not  be  lowered  significantly  (by  progressive  absorption  of  beta-stabilizing 
elements  from  the  braze;  e.g, ,  by  zirconium,  nickel,  or  ai*.<*r). 


1.  Approximate  beta  trgnsus  temperatures;  TfoSAl-lM<>-iy  1900  F 

Ti-5Al-£,  1000  F 

11-6A1-4V  .1850  F 


It  should  in;  emphasized  that  the  four  principal,  metallurgical  problems  con¬ 
sisting  of  crevice  corrosion,  liquid-metal  erosion,  beta  embrittlement,  and  ur.de si r- 
alde  inU-rmetallic  compound  formation  are  valid  for  titanium  joining  pet  se,  but  are 
greatly  magnified  for  the  condition  of  joining  foils.  This  is  true  because  of  the  en¬ 
larged  faying  surface  (i.e. .  reaction  surface)  to  bulk  volume  ratios  for  foils:  making 
foil  joints  much  less  able  to  accommodate  the  adverse  effects  o'"  corrosion,  erosion, 
contamination,  and  unfavorable  structural  changes  than  similar  joints  in  heavier  sheet 
and  plate. 

3.3.6  Proposed  Approach  to  Problem  Soli"  ions 

The  rationale  supporting  the  development  of  i^oroved  brace  systems  for 
titanium  alloys  was  directed  primarily  at  solving  the  two  most  serious  problems  of 
joint  corrosion  and  erosion.  To  combat  corrosion,  it  was  reasoned  that  the  braze 
material  and  the  titanium  foils  should  have  surface  electromotive  force  potentials  as 
closely  matched  as  possible.  This  situation  would  reduce  the  likelihood  of  dissimilar 
metal  couples  developing  electromotive  forces  of  sufficient  magnitude  to  drive  poten- 
ti.  ’iy  corrosive  reactions.  Consequently,  to  minimize  the  surface  electromotive 
force  differences  between  braze  microco.iStUuents  and  titanium  foil  members,  it  w;. 
decided  (in  pre-contract  work  at  Solar)  to  select  braze  alloy  bases  that  are  chemically 
similar  to  the  foils  thems'  ’vea.  This,  of  course,  narrowed  the  candidate  elemental 
bases  to  titanium  zirconium,  and  possibly  hafnium.  The  standard  oxidation- j  uriuv..  an 
potentials  of  candidate  braze  bases  are  shown  in  Table  XVI. 

To  counteract  erosion,  it  was  felt  that  the  liquid  braze  metal  should  be  in 
thermodynamic  phase  equilibrium  for  at  least  approximate  equilibrium)  with  the  solid 
titanium-base  foil  alloy.  To  accomplish  this  end.  ami  also  to  lower  the  base  alloy 
braze  temperature  to  decelerate  the  rate  of  .any  liquid/ solid  interaction,  St  was  decided 
to  evaluate  eutectic  braze  systems  of  Ti-Be,  Zr-Be,  and  Tl-Xr-Be.  These  systems 
were  chosen  using  the  criteria  of  melting  point  depression,  the  matched  oxidation-, 
reduction  potentials,  and  the  likelihood  of  forming  compatible  liquid  systems  which 
can  coexist  In  a  state  of  actual  or  qu&si-themodynarmc  equilibrium  with  foils.  the 
candidate  elements  considered  are  included  in  Tables  XVI  stnd  XVU.  Ikn ilium  proved 
to  be  a  nearly  ‘deal  melting  poict  depressant  fer  these  bases.  The  first  eutectics 
formed  with  beryllium  for  the  titanium,  Zirconium,  and  Ti-Zr  bases  -  :#.6  to 
ys.  O  weight  percent  beryllium  {fief.  47  and  45)  -  provided  superior  brazing  charac¬ 
teristics  on  foils  at  process  temperatures  <  2000  F,  The  standard  surface  electromotive 
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i  ABS.K  XVJ 

STAMMj-D  OXIDATION  -  HEDI'CTION  POTENTIATE  OF  CANDIDA  1  <  B 


Most  Common 
Valencee 

Voltage  I 
(v) 

+  4 

1 .  c3 

Ti 

-  Ti  +  2e 

Ti 

-  Tl+4+4e' 

+  1.90 

Zr 

+4 

=  Zr  +  4e 

+  1.53 

r+i  4  - 

'If 

lb  -  -*e 

+ 1 .  .  i  ; 

,  i 

Be 

"  Be  +  2e 

’i.So 

+  1.66 

Ai 

=  Al  +  3e 

N*. 

=  Nt  -•  2e 

*•0.25 

■44 

-0.34 

Cu 

Cu  +  -e 

4 

-0.80 

Ag 

=  Ag  +  e 

Fd 

*  Pd  +  2e 

-0.63 

+ 

-1 . 68 

_ 

An 

-  Au  +  e 

force  of  elemental  beryllium  indicated  a  suitability  for  diffusion  alloying  with  both  the 
foil  alloys  and  the  titanium  or  titanium-  zirconium  terminal  solid  solutions  cf  the  bra  re 
{with  which  the  liquid  eutectic  braise  alloys  approach  thermodynamic  equilibriums 
Not  only  are  the  beryllium  solubilities  low  1,0  percent'!  in  the  corresponding  termi¬ 
nal  solid  solutions  of  the  solid  braze  (to  ensure*  minimal  changes  in  chemical  activity), 
but  beryllium  Is  ualv  &  weak  £ -phase  stabilizer  (minimizing  the  probability  of  beta 
transits  temperature  reduction  in  braze- affected  foil),  rhe  effect  of  the  more  potent 
beta  stabilizer,  zirconium,  in  braze-affected  foil  was  determined  to  be  minor  so 
long  a#  braze  temperatures  are  maintained  ■<  1700  F.  The  solid  eutectic  structures 
themselves  consist  of  approximately  35  volume  percent  Ti  Be,,  and  or  ZrBe0  arranged 

4«-  a* 

ui  fir-tree  dendrite  patterns  within  a  continuous  matrix  phase  of  the  titanium,  zirconi¬ 
um,  or  Ti-Zr  terminal  solid  solution  {Fig.  19).  It  was  subsequently  shown  in  prior 
work  s*  Solar  that  the  eutectic  braze  structures  characterized  by  continuous.  pr»*~ 
pondp+ent  (65  volume  percent)  inti  rice  a,  and  an  absence  of  inlerfacial  beryllidt  films 
ersure  a  good  measure  c  braze  toughness.  The  beryllides  themselves  demonstrated 
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TABLE  XVII 


CANDIDATE  ALLOYING  ELEMENTS  FOR  PRODUCING  TITANIUM  -  AND 
ZIRCONIUM- BASE  BRAZE  ALLOYS 


-  -  — 

MaxsEiam  Ceprassios  j 

EiemeK  j 

(degree  F  pat  1%} 

ml 

(%  Alloying  Element}  1 

Remarks 

Titanium 

-Base 

Aluminum 

12.0 

468 

39 

a  stabilizer 

Beryllium 

2S5.A 

1402 

5.5 

p  stabilizer  j 

Cobalt 

46.7 

1280 

27 

6  stabilizer 

Chromium 

12.7 

594 

47 

§  stabilizer  | 

Copper 

31.3 

1314 

42 

ji  stabiliser  ! 

Ir  ojl 

36.1 

1153 

32 

p  stabiliser 

I 

j  Germa^uni 

67  4 

1483 

22 

Miii  &  stabilizer 

!  Manganese 

23.1 

881 

42.5 

P  stabilizer 

Nickel 

43.3 

1378 

28.5 

p  e^-bilizer 

Silicon 

82.7 

702 

8.5 

Mild  p  stabiliser 

Silver 

8.1 

558 

69 

p  stabilizer  {soluble  in  a) 

Tin 

5.8 

208 

OC 

Mild  a  stabilizer 

Zirconium 

4.0 

• 

200 

oO 

p  stabilizer 

i  Zirconium -Base  j 

Aluminum 

82.: 

m 

< 

o  stabilizer 

Beryllium 

285.0 

1568 

5.5 

Weak  p  stabilizer 

Cobalt 

1.01  „0 

15«6 

15.5 

Weak  S  stabilizer 

Chromium 

55.1 

992 

18 

Weak  p  stabilizer 

Copper 

77.1 

1541 

20 

p  stabilizer 

Iron 

103.0 

1644 

16 

p  stabilizer 

Germanium 

73.7 

568 

7.7 

Mild  q  stabilizer 

Manganese 

57.3 

1289 

2k.  5 

y  stabilizer 

Nickel 

94.4 

1604 

17.0 

p  stabilizer 

S.licon 

149.5 

434 

2.9 

;  Mild  p  stabilizer 

Silver 

30.4 

1082 

12 

p  stabilizer 

‘  Tin 

20.0 

470 

23.  S 

a  stabilizer 

to  be  corrosion-resis.ant  in  the  eutectic  mix,  presumably  because  of  their  chemical 
inertness  or  matched  electromotive  forces,  Rrazements  of  all  eutectic  alloys  with¬ 
stood  100  hours  of  salt-spray  exposure  (5%Nad.  200  F)  without  apparent  structural 
change  in  prior  work  at  Solar  (Fig,  20). 

Erosion  problems  were  still  apparent  with  the  binary  titanium-  and  zirconium- 
base  alloys  in  initial  brazing  experiments.  For  example,  the  Ti-5.6Be  eutectic  alloy 
gave  evidence  of  progressive  foil  erosion  at  the  minimum  brazing  temperature  of 
2000  F  {Fig.  21).  Although  2000  F  is  only  50  degrees  F  greater  i' m  the  apparent 
eutectic  temperature  (a  measure  of  thermodynamic  imbalance),  the  reaction  kinetics 
are  sufficiently  rapid  at  this  high  process  temperature  to  severely  erode  and  struc¬ 
turally  modify  the  10-mil  Ti-5Al-2.5Sn  foils  within  5  to  25  minutes  at  temperature. 

In  addition,  the  braze- affected  foils  suffered  complete  beta  embrittlement  at  the 
2000  F  process  temperature.  The  lower  melting  Zr-6.  OBe  eutectic  alloy  exhibited  a 
different  land  of  erosion  problem  with  foils.  In  just  30  seconds  of  braze  process  time 
at  the  eutectic  temperature  of  1810  F,  the  titanium  alloy  foils  underwent  severe  liquid 
metal  erosion  (Fig,  32).  In  this  case,  the  underlying  cause  proved  to  be  related  to 
the  liquidus-temperature  minimum  occurring  in  the  Ti~Zr  binary  at  50  weight  percent 
Zr  (Ref.  47).  Experiments  at  Solar  with  Ti-Zr-Ee  ternary  alloys  (with  varying  Ti/Zr 
ratios  but  constant  5,6  percent  Be  level)  revealed  that  the  minimum  in  the  liquidus 
temperature  (1625  F)  for  the  ternary  alloys  also  occurs  at  a  Ti/Zr  ratio  of  U0. 

Hence,  liquid  zirconium-rich  braze  alloy  and  solid  titanium- rich  foil  are  too  far  re¬ 
moved  from  thermodynamic  equilibrium  at  1  CIO  F,  and  cannot  coexist  without  initially 
strong  interaction  and  modification  (foil  erosion). 

Reflection  upon  the  methods  available  to  control  erosion  led  to  an  eventual  ~ 
solution.  There  are  five  general  methods  for  controlling  erosion: 

1.  Keep  temperature  and  time  to  the  absolute  minimums  required  for 
brazing, 

2.  Use  low  melting  braze  "  ys  to  reduce  r  ates  of  liquid  metal  attack. 

3.  Use  a  minimum  quantity  of  braze  alloy. 

4.  Form  continuous  interfaci&l  compound  with  slow  diffusion  rate  ax  the 
interface. 

5.  Use  a  braze  alloy  that  approaches  thermodynamic  equilibrium  with  base 
metal  substrate. 


Th«  use  of  rapid  process  cycles  (Method  1)  can  be  considered  in  special  cases, 
but  was  unacceptable  as  a  complete  solution  for  ihe  '’heat-  shield1'  type  of  structure 
required  in  *Mf*  program.  Reduction  of  the  molting  point  of  tSie  braze  aitoy  (Method  2) 
does  ’•"duce  the  erosive  rate  of  attack.-  However,  the  strength  versus  temperature 
curve  fof  a  braze  alloy  is  generally  related  to  the  malting  point  so  that  a  braze  alloy 
melting  at  1250  F  (braze  flow  temperature  may  be  1350  F)  cannot  be  expected  to  have 
much  strength  at  1000  F,  Therefore,  this  approach  offered  a  very  limited  solution 
to  the  problem.  (However,  the  high  kCCQ  F  flow  temperature  of  the  Ti-Be  eutectic 
represents  the  other  extreme  and  was  equally  unsuitable, ) 


The  use  of  a  minimum  quantity  of  braze  alloy  (Method  3)  is  required  by  other 
factors,  including: 


•  Minimum  weight  structure 

«  Efficiency  of  heat  exchanger  structure 

•  Control  of  braze  alloy  flow  (e.  g. ,  node  flow  in  honeycomb  sandwich) 

Therefore,  Method  3  could  not  be  considered  an  independent  variable  to  control  erosion, 
because  the  quantity  of  braze  alloy  was  already  controlled  for  these  ether  reasons. 

Method  4  (formation  of  a  compound  at  the  Interface)  is  used  in  many  practical 
cases.  The  formation  of  TiAg  at  the  titanium-silver  braze  alloy  interface  has  already 
been  discussed.  The  problem  with  this  type  of  approach  is  to  find  compounds  with  a 
modicum  of  ductility.  For  this  reason,  it  does  not  represent  a  versatile  approach. 


Method  5  has  been  used  by  Solar  in  the  development  of  nonerosive  alloys  for 
brazing  refractory  metals  and  titanium.  The  ideal  situation  is  to  braze  a  solid  solu  ¬ 
tion  alloy  (foil  oi  sheet)  with  a  eutectic  braze  alloy  composed  of  the  same  or  closely 
related  solid  solution  plus  another  component  or  components  in  thermodynamic 
equilibrium.  The  trouble  with  the  Zr-Be  eutectic  is  that  Zr,  although  chemically 
sin  'iar  to  11,  does  not  provide  the  required  thermodynamic  equilibrium  between 
liquid  and  solid  phases. 

These  early  motrdlurgical  studies  at  Solar  led  to  the  obvious  solution  to  both 
problems  occurring  with  the  binary  Ti-Be  and  Zr-Be  braze  alloys.  The  problem  of 
erosion  due  to  thermodynamic  imbalance  of  chemical  species  (Zr/Ti  ratios)  was 
solved  by  employing  the  balanced  ternary  eutectic  alloy,  Ti  -47. 2Zr-5. 6Be,  (The 
absence  of  the  foil  erosion  tendency  is  shown  in  Figure  2?  )  In  addition,  the 


51 


1 


I 


§ 

A 


"  S  x 


if  Si 


problem  of  minor  thermodynamic  imbalance  caused  by  the  typical  temperature  dif-  x 
fercniisl  between  actual  eutectic  temperature  and  minimum  flow  temperature 
{normally  ~  50  degrees  F)  was  alleviated  by  employing  the  same  ternary  eutectic 
alloy.  At  the  quite  low  minimum  brazing  temperature  of  1650  F,  the  reaction  rate 
of  iiquid/solid  was  shown  to  be  appreciably  slower  than  at  2000  F,  so  that  rapid  foil 
erosion  erased  to  be  a  problem.  Metallography  e  examination  indicated  that  neither 
erosion  nor  beta  embrittlement  of  program  alloy  foils  occurred  to  any  appreciable 
degree  at  1550  to  1700  F  for  process  times  up  to  25  minutes  (Fig.  24}.  On  the 
strength  of  these  promising  structural  and  behavioral  charecieristica,  the  ternary 
Ti-Zr-Be  eutectic  alloy  was  chosen  as  the  principal  b  ~e  for  further  alloy  studies  aimed 
at  optimizing  foil  joini.ig  capabilities, 

3.3.  7  Selection  of  Braze  System*  for  Foil  Joining  Studies 

To  obtain  thj  proper  background  information  from  which  to  select  the  candidate 
braze  alloys  with  beet  potential  for  the  subject  program,  a  comprehensive  literature 
survey  was  made  of  all  published  titanium  brazing  e:qxjri  mce  to  date  (Ref.  49  through 

92). 

This  survey  revealed  that  published  information  on  titanium  brazement 
strength,  toughness,  corrosion  resistance,  and  general  metallurgy  was  quite  sketchy 
and  frequently  vague  for  .host  braze  systems;  indicating  that  very  little  concerted 
effort  has  been  made  to  develop  f itanium  brazing  alloys  using  3ound  metallurgical 
approaches.  Thus,  the  braze  alloys  reported  by  manufacturers  of  titanium-braze 
structure  usually  represented  existing  bras*  f-lloys  not  specifically  designed  for 
joining  titanium,  but  apparently  suitable  on  a  cut- and- try  basis.  The  silver-base 
family  of  braze  alloys  falls  into  this  category.  Reported  attempts  at  developing  braze 
alloys  specifically  tor  (and  metallurgical^  compatible  with)  titanium  had  been  carried 
out  normally  as  laboratory  efforts,  with  little  application  or  service  experience  yet 
available. 

The  three  probable  exceptions  which  warranted  attention  in  this  program  arc 
described  in  the  following  paragraphs. 

Palladium-  Containing  Braze  Alloy 

for  br»*irg  titanium  to  st&isless  a  new  alloy  (Ref.  79)  containing 

81.1  palladium,  14.  3  silver,  and  4.6  silicon  in  percent  hy  weight  had  been  developed 
under  a  NASA  contract.  The  homogeneous  solid  was  reported  inert  to  nitric  acid 
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attack.  The  ultimate  tensile  strength  of  the  joint  wns  approidtrAteljr  75,000  pat.  The 
alloy  was  reported  to  form  a  metallurgical  bond,  with  alloy  interns* »l  penetration  of 
0,0015  inch  into  the  titanium  substrate  and  0.  GO?  inch  into  the  statutes,^  steel.  The 
alloy  reportedly  exhibited  excellent  flow  characteristics  at  a  bracing  temperature  in 
the  range  of  1395  to  1450  F. 

This  palladium-  base  altoy  provided  a  novel  approach  to  a  low-ten  perature 
braze  alloy  for  titanium.  However,  was  decided  to  eliminate  this  alloy  as  a  candidate 
because  of: 

•  The  wide  difference  in  surface  electromotive  potentials  for  Pd  (-0,  bS  volts) 
and  Ti  (+1.6S  volts) 

•  The  high  densities  of  both  Pd  and  Ag 

•  The  high  intermetallie  content 
Nickel- Phosphorous  Braze  Alloys  (Kanigen  Process) 

Nickel-base  braze  alloys  containing  phosphorous  {Ref.  Bl)  have  been  developed 
for  use  in  the  nuclear  energy  industry  where  the  presence  of  boron  (even  ir,  small 
quantities)  cannot  be  tolerated.  This  type  of  alloy  does  not  erode  stainless  steel  and, 
therefore,  has  found  acceptance  for  joining  thin  gage  material  S  does,  however, 
fend  to  be  brittle.  Most  of  the  alloys  are  available  as  powder;  an  exception  is  the 
Ni-P  eutectic  alloy  which  can  be  applied  by  the  Kanigen  electroless  plating  technique. 


A  suitable  filler  metal  for  producing  sound,  corrosion-resistant  Joints  in 
zirconium  alloy  tubing  operating  in  high-pressure,  high-temperature  {  --  680  F)  water 
was  reported  to  be  Ni-7  to  10P  (Ref.  49).  Because  of  the  metallurgical  similarity  of 
titanium  and  zirconium,  it  was  decried  to  screen  Ni-lOP  plated  by  the  Kanigen  electro¬ 
less  process  on  titanium  foils  for  possible  in-aitu  braze  application.  A  typical  use 
of  an  in-si  hi  process  is  the  joining  of  flat  plate  and  corrugated  fin  components  of  thin 
foil  heat  exchangers. 

Titanium  and  Titanium-  Zirconi nm  Base  Alloys 

The  promising  characteristics  of  Ti-  and  Tl-Zr-base  braze  alloys,  employing 
beryllium  as  the  major  melting  point  depressant  were  discussed  previously.  These 
eutectic  bases  were  selected  for  further  study  and  development,  with  the  hope  of 
evolving  a  suitable  braze  material  for  foil  joining. 


Plasf?  were  drawn  for  minor  chemical  modification  of  the  basic  ii-5. 6Be 


and  TL-4Y.  2Zr~5. 6Be  eutectic  alloys,  with  the  primary  objectives  of: 

*  Lowering  the  flow  temperature  of  the  T‘  -bare  alloy  from  -  2000  F  to 

1600-1700  F,  to  minimize  foil  erosion  tendency  for  TI-R4l«lMr/~lV, 
Ti-6A1-4V,  and  T1-5A1-2. 5Sn  foils*.  (Modifiers  included  Ai,  Co,  Cr, 

Fe,  Cu,  Ni,  Ge.  Mn,  Si,  Ag,  and  Sn, ) 

•  Lowering  the  flow  temperature  of  the  Ti-Zr  base  alloy  from  1625  to 
1400  or  1500  F;  principally  to  permit  safe  brazing  of  the  Ti-3Ai-2,5V 
tube  alloy  below  its  beta  transus  (1715  F)  and  to  enable  safe,  long¬ 
term  brazing  periods  for  all  the  program  foil  alloys.  A  secondary 
objective  was  to  reduce  the  be ry Hide  intent  of  the  basic  braze  structure 
by  partial  or  total  substitution  of  other  melting  peint  depressants  for  Ee, 
(Modifiers  included  Ni,  Mn,  Sn,  Fe,  Cu,  Pd,  Si,  Ge,  Ag,  and  Al. ) 

The  selection  of  alloying  additives  and  the  auantities  of  additives  used  were 
based  upon  the  stated  objectives  of  lowering  the  effective  melting  points  of  the  braze 
alloys  some  200  to  400  F.  The  candidate  alloying  elements  and  their  relative  potentials 
for  melting  point  depression  in  binary  alloy  systems  (both  Ti-  and  Zr-bases)  are 
listed  in  Table  XVII. 


Braze  Alloy  Ag-5AI-0. 2Mn 
Braze  Temperature:  1790  F 
Etchant:  KroU's 
Magnification:  60?' 

Crevice  corrosion  doetrovcd  the 
foil/bu.  ?.e  interface  Joint  after  a 
96-hour  exposure  to  salt  spray 


FIGURE  14.  TYPICAL  TI-6A1-4V  FOIL  T  OINT  BRAZEMENTS  MADE  AITH 
SILVER-BASE  BRAZE  ALLOY 
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FIGURE  15.  TYPICAL  HONEYCOMB  CORE-TO-FACE  SHEET  JOINTS 
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FIGURE  16.  TYPICAL  CORRUGATED  FIN-TO-PLATE  SHEET  JOINTS 


ALL  WMENSIOM  IN  INCHFS 


FIGURE  17.  T-JOINT  SPECIMEN  USED  FOR  BRAZE  EVALUATION 


FIGURE  18.  DOUBLE-LAP  JOINT  SPECIMEN  USED  FOR  BRAZE  EVALUATION 


Etchant-  Kroll's 
Magnification:  100X 


FIGURE  19. 

TYPICAL  EUTECTIC 
STRUCTURE  IN  AN  ARC- 
MELT’  D  INGOT  OF 
Ti-47.  2Zr-5.6Be  ALLOY 


Alloy:  Ti-5.  fiBe 
Etchant:  KroH's 
Magnification-  60X 

Absence  of  corrosive  attack 


Braze  Alloy:  Ti-5.6Be 


Braze  rime:  1  Minute 


Braze  Temperature:  2000  F 


Etchant:  Stroll's 


Magnification:  100a 


Braze  Alloy:  Ti-5.  OBe 
Braze  Time:  5  M  itea 
Braze  Temperature:  2000  f 
Etchant.:  KrolFs 
Magn  s  fi  cation :  1 0  OX 


FIGURE  21,  PROGRESSIVE  DISSOLUTION  ,4 ND  EROSION  OF  Ti~5Al-2. 5Sn  FOIL 
T-JOINTS  WITH  INCREASING  BRAZE  TRW.E 


Bin/"  Alloy:  Ti-5.i>Be- 
Bra/.e  Time:  C.T  Minutes 
llraze  Temperature:  2000  F 
Etchant:  KroH's 
MagaCI  cation:  SOON 


nrv'  r  .  i  1  ■  ‘v  ■  Zr-fi.  OI^* 
Braste  Time-  tiO  Seconds 
Braze  Tempera  lure-  1  HI  0  )•’ 
Ktchanl-  Kroll's 
Magnification:  (>0X 

Note  foil  erosion.  This  alloy 
proved  unacceptable  for  foil 
brazing. 


FIGURE  22, 

TYPICAL  Ti-6AJ-4V  FOIL  T-JOINT 
BRAZED  WITH  Zr-6.0Be  EUTECTIC 
ALLOY 


Braze  Alloy:  T5-47.  S3?~S. <>Re 
Braze  lime:  5  Minutes 
Braze  Temperature:  1650  F 
Etchant:  KroB-'s 
Magnification:  (SOX 

Note  absence  of  foil  erosion  through 
adoption  of  thermodynamic  and 
metallurgical  principles  in  braze 
alloy  design. 

FIGURE  23. 


TYPICAL  Ti-6Ai~4V  FOIL  T-JOINT 
BRAZED  WITH  Ti-47. 22r-5. 6 Be 
EUTECTIC  ALLOY 
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Braze  Alloy:  Ti-47. 2Zr-5. 6Be 
Braze  Time:  25  Minutes 
Braze  Temperature:  1700  F 
Etchant:  Kroll's 
Magnillcation:  100X 


FIGURE  24.  EFFECT  OF  INCREASING  BRAZE  TIME  ON  T1-5A1-2. 5Sn  FOIL  T-JOINTS 
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3.4  TASK  IV-  DEVELOPMENT  AND  OPTIMIZATION  OF  BRAZE  ALLOY  SYSTEMS 

It  was  the  intent  of  this  portion  of  the  program  to  develop  and  modify  existing 
braze  alloy  systems  w  fit  the  Special  requirements  of  titanium  foil  brazing.  To  this 
end.  a  series  of  subtasks  was  programmed  to  aid  in  the  comparative  evaluation  of 
braze  alloys.  These  subtasks  included 

*  The  formulation  of  candidate  braze  compositions. 

•  The  melting  and  comminution  of  candidate  braze  alloys  preparatory  to 
brazing  tests. 

♦  tests  upon  titanium  foils  tc  arse ss  brazing  characteristics  and 
relative  applicabilities  of  candidate  braze  alloys  to  titanium  foil  joining. 

•  Salt  spray  corrosion  tests  of  alloy  brazements. 

*  Mechanical  tests  at  room  temperature  to  appraise  relative  strength  and 
toughness  levels  of  candidate  alloy  brazements. 

•  Metallographic  structural  examination  of  candidate  alley  brazements, 
before  and  after  cc  osion  and  mechanical  tests,  to  detect  zoneB  of 
potential  weakness.  This  information  (in  total)  was  then  used  to  re¬ 
modify  braze  composition,  braze  cycle,  and  heat  treatment  to  further 
optimize  each  braze  alloy  system. 

The  ultimate  objective  of  this  braze  alloy  study  was  the  establishment  of  an 
optimum  braze  system  for  each  of  the  foil  structure  types  to  be  evaluated  in  Phase  II 
(viz.  „  corrugated  sandwich  structure,  honeycomb  sandwich  structure,  and  tube- to- 
header  matrix  structure). 

3. 4. 1  Experimental  and  Test  Procedures 


Testing  Format 


The  test  program  of  Phase  I  was  divided  into  two  consecutive  ska  (Tasks  IV 
and  V),  Task  3TV  was  concerned  primarily  with  the  (compositional)  optimization  of  braze 
alloy  systems  to  maximize  corrosion  and  erosion  resistance  and  to  obtain  the  best 
combination  of  brazing  characteristics  and  processing  flexibility  along  with  joint  tough¬ 
ness  and  strength  properties.  Adaptability  to  &U  program  alloy  foils  was  stressed^1*. 
Eighteen  of  the  most  brazeable  alloys,  screened  by  foil  brazing  performance  and 
micron!  ructure  from  over  100  chemical  modifications  of  the  basic  Ti-Be  and  Ti-Zr-Be 

1.  H-6A1-4V,  ELI  (AMS-4907)2-10  mil  foils 
T1-&A1-2. 5Sn,  ELI  (AMS-4909)2~!C  mil  foils 
T1-3A!~1M©~1V  (AMS-4918)10  mil  foil 

T1-3A1-3. 5V  tubing  (0, 126  inch  C5£  by  0. 000  inch  wall  thickness) 


braze  alloys  were  comparatively  tested  in  an  ©valuation  program  involving  simple 
T-joint  {Fig.  25  and  26)  and  lap-joint  brazements  (Fig.  27).  The  T-joint  configura- 
tion  w m  chosen  to  simulate  the  critical  eore/face  sheet  joints  of  honeycomb  panels. 
Lap-joint  specimens  effectively  simulated  other  important  foil  joints,  typified  by  node 
joints  in  honeycomb  core  and  corrugated  fin-to-plate  joints  in  heat  exchangers. 

T-joirt  tensile  and  bend  tests  and  lap-joint  shear  tests  were  conducted  prin¬ 
cipally  at  room  temperature,  both  in  the  as-brazed  condition  and  after  100  to  238  hours 
exposure  to  salt  spray  (200  F,  5  percent  NaCl).  Special  tests  were  also  conducted  to 
gage  bcaze-line  peel  resistance,  using  the  double  lap-joint  specimen  shown  in  Figure  28 
and  to  measure  the  strain- accommodation  anility  of  thin  films  of  braze  alloy  upon  a 
thicker  substrate  of  stressed  alloy  foil  (Fig.  29).  This  latter  test  was  important  to 
evaluate  braze  adaptability  to  thin  foil  structures  where  local  and  general  surface 
strains  can  be  quite  high  as  a  result  of  combinations  of  flexure  and  vibration  and 
pronounced  thermal  differentials.  At  the  conclusion  of  Task  IV,  the  list  of  18  candidate 
alloys  was  reduced  to  six  for  further  evaluation  in  Task  V. 

Braze  Alloy  Production 

Button  ingots  of  5, 0  or  10. 0  grams  of  each  candidate  braze  alloy  were  argon 
arc-melted  in  the  water-cooled  copper  crucible  shown  in  Figures  30  and  31.  Elemental 
melting  stock  used  to  prepare  alloy  charges  were  drawn  initially  from  sources  of 
commercial  purity.  However,  the  advantage  of  using  higher  purity  melt  stock  was 
revealed  early  in  the  program.  Ao  shown  in  Table  XVIfl.  significantly  lower  levels 
of  interstitial  element  contaminants  were  obtained  using  electrolytic  titanium  and 
electrolytic  zirconium  iu  combination  with  ingot  sheet  beryllium.  As  a  result,  the 
Hlgh-pUrity  heats  permitted,  reliably  lower  braze  temperature s,  improved  and  more 
consistent  brazing  characteristics,  as  well  as  lower  braze  matrix  hardness  levels. 
Unmclted  braze  residues  were  vit  illy  eliminated. 

All  candidate  braze  alloys  were  prepared  in  either  5-  or  10-gram  molt 
charges  (usually  5-gram  charges).  Alloying  elements  ter  every  beat  were  first 
weighed  sep&rately  to  the  nearest  milligram,  then  totaled;  secondly,  each  heat 
charge  was  weighed  as  a  unit  to  obtain  a  check  upon  total  charge  weight.  For  each 
beat,  the  total  charge  weight  was  compared  to  button  Ingot  weight  after  melting  to 
detect  possible  weight  gain  or  loss  tttributlble  to  the  melting  practice.  The  heat  was 
considered  acceptable  if  the  weight  change  was  calculated  to  be  *{*)  0. 005-gram  for 


TABLE  XVIII 


INFLUENCE  OF  MELT  STOCK  PURITY  ON  INTERSTITIAL 
CONTAMINENT  LEVELS 


r  . . 

Heat 

Number 

Nominal 

Composition 

Titanium 

Zirconium 

Berrylllum 

Total  Oxygen 
Concentration 
(ppm-wt) 

C81-1 

Tt-6.8Be 

Common  lal 

Purity  (ASS  wire) 

Commercial 
Purity  (QMV) 

2200 

CS1-2  3 

Ti"S.6S«! 

Commercial 

Purity  (ASS  wire) 

High  Purity 
Ingot  Sheet'1' 

1430 

CSl-24 

Ti“6.88« 

High  Purity 

Electrolytic  Titanium 

High  Purity 
Ingot  Sheet'1' 

260 

CS13-1 

Tl-47.2Zr-6.8B* 

Commercial 

Purity  (ASS  wire’) 

Commercial 

Purity 

Commercial 
Purity  (QMV) 

2200 

I 

CS13-3 

Tl-47.2Zr-6.6Be 

Commercial 

Purity  (ASS  wire) 

Commercial 

Purity 

High  Purity 
Ingot  Sheet'1' 

1 

1430 

CS13-4 

Tl-47.3Zr-«.8Be 

High  Purity 

Electrolytic  Titanium  ™ 

Commercial 

Purity 

High  Purltv 
Ingot  Sheet'11 

850 

CS13-5 

Tl-»7.»Zr-6.*Be 

High  Parity 

Electrolytic  Titanium 

High  Purity  ... 
Electrolytic'31 
Zirconium 

High  Purity 
Ingot  Sheet'11 

2a  0 

1.  High  Purltv  BeryUhun  bigot  Shoot  (Typo  I,  S-Z)  (Beryllium  Corp. ,  Reading,  P».) 
Typical  Into  relit  lal  Lerele  (ppm-wt) 

CON 


400.0  100.0 


2.  High  Purity  Electrolytic  Tttanlure  (Donated  by  tbo  U.8.  Bureau  of  Ulaoa.  Kano  Metallurgy  Reeearrh  Center. 

Boulder  City,  Honda.) 

Interotlttal  Level*  (ppm-wq;  Lot  AnelyaU 

CON 

00.0  270.0  ao.o 

is.  Ntg*  Parity  Sleet  rlytic  Zirconium  (Wab  Chang  Metallurgical  Co. ,  Albany,  Ore.) 
j  itherotlMal  Level*  (tgan-e^i  Lot  Aaalyule 
CO  N 

13.0  90.0  10.0 

5-gram  heats  or  <  (±)  0. 010-gram  for  10-gram  heats.  These  figures  correspond  to  a 
maximum  wc'ght  change  of  t  0.  l  percent,  the  normal  weight  change  proved  to  lie 
much  smaller,  usually  s(±>  0.001  to  0. 002-gram,  Semiautomatic  precision  balances 
of  the  type  shown  in  Figure  32  were  employed  sraflustvely. 

The  arc-melter  consisted  el  a  sealed  Vycor  glass  melt-chamber  (approxi- 
mately  12  inches  high  with  a  tt- Inch  ID)  with  a  watsr-cooUi  copper  crucible  for  the 
beat  charge  (Fig.  SI).  Heat  for  melting  the  charge  was  providsu  by  an  argon  arc  which 
was  established  between  a  nonoonaumahle  tungsten  electrode  and  the  charge  itself.  The 


tungsten  electrode  was  controlled  manually  through  a  sliding  O-ring  seal  in  the  top  of 
the  chamber.  Power  for  the  arc  was  provided  by  a  low-voltage,  dc,  welding  unit 
(selenium-rectified,  portable). 

In  a  typical  melting  operation,  the  heat  charge  was  positioned  in  the  crucible 
cavity  together  with  a  premelted  5-gram  button  of  pure  titanium.  High-purity  titanium- 
gettered  argon  was  allowed  to  fiow  through  the  chamber  for  about  30  minutes  to  es¬ 
tablish  a  suitable  protective  environment  for  melting.  To  check  the  purity  of  the 
resultant  argon  atmosphere  and  to  getter  any  residual  gaseous  contaminants  in  the 
chamber,  the  pure  titanium  button  was  first  remelted  and  held  molten  for  about  1  minute. 
It  the  surface  of  the  solidified  button  remained  bright  metallic  after  cooling  to  approxi¬ 
mately  500  F,  the  atmosphere  was  assumed  to  be  sufficiently  clean  for  melting  the 
charge.  (The  interstitial  element  contaminant  level  of  the  atmosphere  at  this  point 
can  be  assumed  <  10. 0  ppm. ) 

The  heat  charge  was  then  arc-melted  three  separate  times,  the  solid  button 
being  turned  over  between  each  melting  operation.  After  cooling  to  room  tempera¬ 
ture,  the  button  ingot  was  removed  from  the  chamber  and  weighed  to  the  nearest 
milligram  to  detect  possible  weight  change. 

All  braze  alloy  buttons  used  in  Phase  I  work  were  made  in  the  manner  de¬ 
scribed.  Braze  alloy  b«*tton  ingots  ure,!  to  supply  braze  powders  for  Phase  II  work 
(particularly  full-scale  component  bracing)  were  further  refined  by  levitation  melting 
procedures  prior  to  crushing. 

Button  ingots  were  prepared  for  brazing  by  mechanical  crushing  and  solve 
grading  of  resultant  powders  to  sizes  suitable  for  use  (e.g. .  -24/+S5  mesh  for  con¬ 
ventional  brazing  or  -10G/+200  mesh  for  in-situ  brazing).  .»  study  of  bra.  e  particle 
size  effects  (Tl-Zr-Be  base)  showed  that  normal  ingot  comminution  procedures  cause 
a  mechanical  segregation  of  the  beryllium-rich  beryilides  to  the  finer  particle  frac¬ 
tions  (Table  XJX).  The  fine  mesh  sices,  adaptable  to  in-situ  brazing  of  foils  (e.g. , 
-100/+2CO  or  -200/+400  mesh),  were  found  to  be  strongly  hypereutectic  with  respect 
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TABLE  XfX 


VARIATION  OF  WEIGHT  PERCENT  BERYLLIUM  IN 
C SI 3-5  BRAZE  ALLOY 


Mesh  Size 

Weight  Percent 

Beryllium  in  CS13-5 

Arc  Melted 

■HI 

+12 

4.90 

5.90 

-12/+24 

5.30 

6.20 

-24/+35 

5.55 

6,35 

-S3/+48 

5.70 

6.40 

-48/+100 

5.50 

6.45 

-100/+200 

6.60 

6.50 

-200/+400 

8.00 

6.30 

-400  (fines) 

13.40 

— 

1,  At  1450  F  for  40  hours. 

to  beryllium,  resulting  in  severe  foil  erosion  at  usual  brazing  temperatures.  To 
counteract  mechanical  segregation,  two  different  solutions  were  determined  to  be 
effective; 


•  Hydridhi#  e.  button  Ingots  in  dry  hydrogen  (1300  F)  prior  to  crushing  to 
render  all  braze  components  equally  susceptible  to  fragmentation  upon 
ingot  crushing,  followed  by  a  vacuum  dehvdriding  treatment  of  braze 
pov  ..T9  (1400  F)  prior  to  brazing.  This  procedure  worked  well  where 
Vfc.y  Him  powdsrs  were  desired  (-800  mesh).  Hyd riding  was  not 
adopted  as  standard  procedure. 

•  Thermal  annealing  treatment  of  Ingots  prior  to  comminution  so  as  to 
spheroidlze  and  break  up  the  pattern  of  be  ry Hide  det  irities  and 
render  them  leas  susceptible  to  consolidation  in  the  fines.  Ingot 
annealing  treatments  were  adopted  as  standard  procedure  for  all 
candhdate  brass  alloys  because  of  the  uniform  beryllium  levels  obtained 
in  all  powder  fractions  (Table  XIX).  Tbs  C8  eerie*  alloys  were  vacuum 
annealed  (homogenized)  at  1480  F  for  40  hours;  RM  series  alloy*  were 
vacuum  annealed  at  1200  F  for  OS  hours. 

Braze  Screening  Teats 

Specimen  Preparation,  All  candidate  brass  alloy*  were  Brat  screened  through  t 
simple  F«  joint  brazing  test  to  determine  general  applicability  tor  titanium  loll  braz¬ 
ing.  Typical  of  the  tU-faU  titanium  alloy  T-jobit  need  for  braae  so  reset  ng  leebown 
in  Figure  85.  Ftgnre*  3S  end  34  aimer  the  large  somber  of  T-joinSr  requited  to 


effectively  screen  candidate  braze  p/stems  and  their  many  possible  variations  in 
composition,  braze  cycle,  and  braze  particle  size.  The  braze  production  and  screen¬ 
ing  tests  not  only  yielded  useful  information  related  to  brazing  characteristics  (e.  g. , 
minimum  melt  and  flow  temperatures,  wettability,  braze  fluidity  and  filleting  be¬ 
havior,  and  erosion  tendency),  but  they  also  gave  a  good  indication  of  the  braze 
alloys'  ability  to  be  arc-melted,  its  relative  toughness  (gaged  in  U.rms  of  resistance 
to  comminution  procedure),  r.nd  its  microstructural  components  in  the  braze  condition. 
(Salt  spray  corrosion  tests  also  were  conducted  using  the  T-joint  brazements  produced. ) 
Consequently,  the  T-jo<nt  braze  screening  test  was  deemed  a  valuable  tool  for  quickly 
eliminating  the  candidate  braze  alloys  with  little  promise  as  well  as  in  providing  an 
introduction  to  those  braze  systems  which  did  possess  potential  for  foil  joining. 


I 


The  preparation  of  foil  T-joint  specimens  for  braze  screening  was  a  simple, 
though  delicate,  operation.  Wafers  (0.5-inch  square)  of  0.006-inch  thick  program 
alloy  foils  were  cut  using  precision  shears.  Two  such  wafers  were  then  assembled, 
as  in  Figures  35  and  36.  to  form  a  T-joint.  The  two  sections  were  held  together  by 
the  use  of  0. 5-mil  titanium  foil  straps,  tack  welded  to  the  0. 006-inch  foils.  A  nearly 
constant  fitup  or  gap  width  of  0, 50-  to  0.75-jall  was  typical  between  faying  surfaces 
of  the  foil  T-joint.  Before  assembling,  the  foil  wafers  were  cleaned  in  an  aqueous 
solution  of  15  percent  HN03  -  2  percent  HF  acids  (room  temperature)  followed  by 
distilled  water  and  acetone  rinses.  This  cleaning  procedure  was  standard  for  all  foil 
specimens. 


Preparation  of  the  T-joint  specimens  (Fig.  26)  adaptable  to  tensile  testing 
was  carried  out  in  a  similar  manner.  The  upper  foil  member  anas  precision  oared 
to  size  and  positioned  against  the  flat,  faying  surface  of  the  heavier  bottom  member 
(1/6-inch  thick  sheet  stock  of  the  desiced  program  alloy)  to  form  a  T-joint.  Again, 
the  foil  member  was  held  permanently  in  place  for  brazing  by  the  use  of  0. 5-mil 
titanium  foil  straps,  tuck  welded  to  both  top  and  bottom  members  of  the  specimen. 

Specimen  Brass  Procedure.  All  specimen  brazing  was  carried  out  using  tin  laboratory 
brazing  furnace  shown  in  Figure  37  and  33.  The  furnace  chamber  was  enclosed  in 
clear,  heavy-wall  Vyoor  glass  tubing  so  that  the  brans  specimen  could  be  viewed  at 
nil  times  doing  beating,  brazing,  and  oooHug  cycles.  The  hot  sans  of  the  houses 
consisted  of  s  wholly  enclosed,  pun  cossmhtom  cylindrical  susceptor  ^approximately 
1.0  inch  ID  by  3.0  lecher  Mgh  by  1/1 6-inch  wall)  which  provided  radiant  beating  to 
the  bran  specimen  Inside.  (The  susceptor  was  bested  inductively  through  colls 
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external  to  the  Vycor  tube. )  The  top  cap  of  the  susceptor  contained  a  bo's  for  viewing 
the  performance  of  the  candidate  braze  material  upon  the  specimen.  There  was 
also  a  hole  In  the  side  of  the  susceptor  for  measuring  specimen  temperature  con¬ 
tinuously  using  a  microoptical  pyrometer.  Pyrometer  readings  were  calibrated  initial!} 
against  thermocouples  attached  to  dummy  specimens*  The  braze  specimen  rested 
upon  a  bed  of  low-mass  columbium  alloy  honeycomb,  which  raised  the  specimen  to 
midheight  of  the  susceptor  heater. 

The  ftimace  was  rigged  to  permit  brazing  in  either  high-vacuum  environ¬ 
ment  or  an  atmosphere  of  titanium-gettered  argon.  A  4-inch  diameter  vacuum  dif¬ 
fusion  pump  rapidly  pumped  the  Vycor  clumber  to  a  vacuum  of  1. 0  x  }0~*  Torr  or 
better  for  brazing  studies.  Almost  all  preliminary  brazing  studies  were  conducted 
in  high  vacuum  because  it  is  freer  of  potential  interstitial  contaminants  (e„g,  ,  the  best 

argon  atmosphere  contains  -  1.0  to  2.0  ppm  interstitial  eminent  contaminants: 

-5  _2 

whereas  a  vacuum  of  1.0  x  10  Torr  has  only  -  10  ppm  contami  nant  *  based  upon 
equivalent  volumes).  However,  brazing  environments  of  argon  and  vacuum  frequently 
were  employed  interchangeably  with  no  significant  differences  in  braze  behavior  or 
results. 

In  a  typical  brazing  run.  the  foil  T-joint  specimen  was  positioned  ins*. do  the 
columbium  susceptor  at  an  angle  to  permit  gravity  feeding  of  the  liquid  bra  **  into  the  ; 
joint  capillary.  Normally,  the  candidate  braze  was  loaded  on  only  one  side  of  ti» 

Joint  to  gain  a  better  appraisal  of  braze  fluidity.  A  typical  braze  load  was  4. 0  to 
6. 0  milligram*  of  -12  '  24  or  -24A35  meab  powder  for  both  Ti-Be  and  Ti-Zr-Se 
system  modification*.  The  braze  particles  were  loaded  in  the  conventional  manner 
adjacent  to  the  Joint  surfaces  using  polybutene  organic  binder.  After  establishment 
of  an  acceptable  vacuum,  the  specimen  was  heated  gradually  to  -  $00  to  1000  F  to 
slowly  drive  off  the  binder  without  scattering  the  braze  lo^d.  Once  this  was  accom¬ 
plished,  the  specimen  was  heated  rapidly  to  within  200  F  of  the  anticipated  braze 
U  ■'.perature,  then  held  1. 0  to  3.0  minute*  for  temperature  equalization  prior  to 
heating  r.t  a  cunt  re  lied  rate  to  discover  the  minimum  brazing  temperature  (e.g, . 

10  degrees  F/minute  to  300  degree*  F/mlmrt*  typically,  100  F'tnin, After  the 
braar  was  seen  to  flew  and  form  a  braze  Joist,  the  specimen  mu  then  cooled  mt&rajly 
at  a  rapid  rate  1000  degrees  F/mimde)  or  more  slowly  a t  a  preselected,  controlled 
rate.  Minimum brazing  temperature*  were  invariably  selected  to  tnfriraite  the 
degree  of  hraae/foil  interaction. 


Similar  procedures  were  employed  to  braze  all  teet  specimens  for  Phase  I 

work. 

Evaluation  of  Braze  Alloy  Performance  and  Structure.  Evaluation  of  candidate  braze 
performance  began  during  each  braze  run  when  the  degrees  of  braze  fluidity,  filleting 
behavior,  and  residue  formation  were  noted  visually  (through  the  Vycor  tube),  in 
addition  to  the  apparent  melting  temperature  and  minimum  actual  flow  temperature. 

The  variation  in  the  aforementioned  brazing  characteristics  (fluidity,  filleting,  residue) 
with  systematic  increase  brazing  temperature  also  waa  determined  visuaiiy.  After 
brazing,  every  specimen  was  examined  with  a  10X  magnifying  lens  to  search  for  signs 
of  surface  porosity,  cracking,  foi’  er  jsion  (undercut  fillets)  variable  size  fillets, 
and  residue.  The  next  step  was  ie .allograph! c  examination  of  random  sections  cut 
through  test  brazement. .  Tho.  jugh  metallographic  studies  and  microhardness  surveys 
helped  to  reveal  not  only  the  microstructural  components  of  the  braze  and  braze-* 
affected  foils,  but  the  character  of  braze  residues,  foil  erosion,  primary  solidifica¬ 
tion  structures  and  segregation  products  in  the  braze.  Occasionally,  undesirable 
transformation  produ,.  _■  in  the  foil  were  detected  as  well  as  regions  of  high  hardness 
or  marked  hardness  gradients  which  might  prove  embrittling. 

3. 4. 2  Test  Fquipment  and  Procedures  (Tasks  IV  and  V) 

T-Joint  tensile  tests,  double-lap  peel  testa,  strain  accommodation  tests,  and 
lap-shear  tests  at  room  temperature  and  above  were  executed  with  a  Hounafield 
Tensomeier  (Fig.  39).  Tests  in  the  range  of  300  to  900  F  were  carried  out  in  argon 
atmosphere.  Otogenic  temperature  tests  were  conducted  with  a  Riehle  Universal 
Testing  Machine  (Fi<  40).  employing  test  environments  of  dry  ice  and  Acetone  (-100  V) 
or  liquid  nitrogen  (-523  F),  A  moderate  strain  rale  of  approximately  0. 01  roll1  was 
employed  overall.  Bend  tests  of  foil  T-Joint  specimens  were  carried  out  manually  by 
exerting  pressure  upon  the  vertical  foil  member,  one-half  inch  above  the  Joint,  and 
bending  the  vertical  foil  slowly  in  is  arc  of  90  degrees.  Cricking,  if  it  occurred, 
was  detected  both  audibly  and  metallofraphicaUy. 

Sal*  spray  conditioning  of  selected  sped  mete  prior  to  test  was  carried  out 
in  accordance  with  ASTM-B111?  using  a  S  percent  NaCl  aqueous  solution  si  s  chamber 
temperature  of  200  F,  Stress  rapture  teds  and  hot- salt  corrosion  tests  were  con¬ 
ducted  upon  lap-joint  specimens  deed-weight  loaded  is  a  closed  chandler.  Beating 


and  test  environments  were  provided  by  the  oxidizing  exhaust  gases  of  a  JP-4  burner 
rig.  Special  foil  enclosures  were  affixed  to  the  hot  salt  specimens  to  maintain  molten 
salt  within  the  joint  areas.  Fatigue  excitation  of  lap-joint  specimens  (RT)  is  pro¬ 
vided  by  a  Materials  Testing  Systems  (MTS)  Fatigue  Tester,  Model  901 . 3'-’ 

3,  4.  3  Initial  Braze  screening  Tests 

The  Ti-Be  and  Ti-Zr-Be  Systems  (CS  Series) 

The  basic  Ti-5.6Be  eutectic  alloy  was  modified  chemically  for  study  with  the 
hope  of  reducing  tne  minimum  flow  temperature  (~-  2000  to  2050  F)  to  a  me  •  favorable 
level  (<1850  F)  as  indicated  advisable  by  data  wem  the  braze-cycle  simulation  work. 

It  war  felt  that  the  braze  temperature  reduction  would  not  only  benefit  retention  of 
foil  properties  but  would  minimize  the  likelihood  of  foil  erosion  during  extended 
process  cycles.  Additionally,  should  third- eiement  alloying  produce  the  desired 
reduction  in  flow  temperature,  it  might  be  feasible  to  partially  substitute  the  third 
element  f;,r  beryllium,  thereby  decreasing  the  beryliide  content  of  the  braze  alloy. 

The  third  elements  selected  for  alloying  studies  are  those  listed  in  Table  XV ft 
and  XX.  With  respect  to  their  binary  constitution  diagrams  with  titanium,  many  of  these 
elements  accomplish  appreciable  melting  point  depression  without  the  associated  pro¬ 
duction  of  a  titanium  intermetallio  phase  during  solidification,  unlike  beryllium  (e.g. , 
aluminum,  cobalt,  chromium,  iron,  copper,  nickel,  germanium,  manganese,  silver, 
and  zirconium).  Silicon  and  tin  are  two  exceptions.  Therefore,  it  seemed  likely 
at  the  outset  that  sigrificant  reduction  in  gross  lntermetallic  content  should  result 
from  this  study  (especially  beryliide  content)  if  desired  melting  and  flow  point  de¬ 
pressions  were  achieved, 

Three  levels  of  third-element  additions  were  programmed.  On  the  basis  of 
the  liquidus-temperatura  depression  noted  for  the  titanium  binaries,  the  smallest 
third-element  addition  was  calculated  to  dec  ream;  rfee  ternary  alloy  liqtiidus 
100  degrees  F  (-  1950  F),  the  next  level,  200  degrees  F  (-  1850  F).  and  the  largest 
addition,  300  degrees  F  (~  1750  F).  The  possible  influence  of  beryllium  and  complex 
beryliide  formation  tendencies  were  discounted  in  the  first  consideration  Modifica¬ 
tions  of  the  Ti-5. 6 Be  braze  alloy  selected  for  braze  screening  test  are  listed  in 
Table  XX. 
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TABLE  XXI 

CANDIDATE  TERNARY  BRAZE  ALLOYS  OF  THE 
Tl<  Zr-Be  SYSTEM 


. -  — . . . "S^."  . . . . .  — 

Brase  Alley  Composition 
i  (wity 

Anticipated  Melting 
Point  Depression 
(F) 
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Braze  Temperature 
(F) 
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Special  attention  was  given  to  studying  zirconium  as  a  ternary  alloying  agent. 
Because  zirconium  has  a  potent  effect  in  depressing  the  flow  temperature  of  the 
Ti-5. 6 Be  base  without  incurring  problems  of  crevice  corrosion  (dut  to  its  chemical 
similarity  to  titanium),  it  was  planned  to  evaluate  systematic  additions  of  zirconium 
to  the  basic  Ti-5. 8Be  alloy.  All  precontract  work  had  been  carried  out  using  the 
Ti-47.2Zr-5.6Be  alloy,  which  corresponds  to  the  Ti/Zr  ratio  (50/50)  showing  a 
minimum  melting  point  in  the  Ti.-  Zr  binary.  Therefore,  the  interval  between  zero 
percent  and  47.2  percent  zirconium  was  divided  into  five  equal  segments  (including 
one  additional  segment  beyond  47. 2  percent),  each  corresponding  to  a  braze  alloy 
candidate  (Table  XXI).  It  was  hoped  that  this  preliminary  investigation  would  lead 
to  an  optimum  composition  in  the  Ti-Zr-Be  ternary  system,  with  the  best  combina¬ 
tion  of  brazing  characteristics,  minimum  flow  temperature,  and  resistance  to 
corroalon  and  erosion  phenomena.  In  all  cases,  the  beryllium  concentration  was 
Rued  at  5. 6  percent  inasmuch  as  prior  work  at  Solar  has  established  the  eutectic 
beryllium  concentrations  in  both  Ti-Bo  and  Zr-Be  binary  systems  at  5. 6  weight 
percent. 
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Tfra  Ti-2r-Nl  %etem  (RM  genes) 

Tte  KM  serif®  si  alloys  (dBv«Io^fc?S  ^eytog  Phase  1  work)  was  h&i*ed 

on  &  ooxnbin&tion  of  three  potent s£  braz*  j^wtewv*  -  the  f^teeties  of  Ti-M.  5  atomic 
percent  Ni  asrf  Zr-24, 0  atomic  percent  Ni,  combined  witlrthe  minimum  melting  point 
esi sting  ft  Tj-SO  weight  percent  Zr  forth©  Ti-Zr  binary  system.  These  alloys  were 
suggested  by  the  literature  survey  which  revealed  prior  wcrk  on  71-Ni  brace  systems 
®ef.  72).  The  basic  RM1  alloy  (Ti-4i ,  ONI)  +&b  zs£  melted  -and  fc 

pcseese  excellent  brazing  characteristics  on  titanium  foils  at  1GG0  eh 


In  spite  of  the  low  bcazs  temperature  and  promising  hrazeaMlity  of  HM1,  it 
was  recognized  ’bet  motdEo&tioa  would  be  necessary  to  limit  th©  heavy  formation  of 
Zr2Ni  and  Ti^Ni  fmencetallie  compounds  and  to  improve L,b|fa#i?me«t  toughne**. 
Structural  optimizicSpn  was  m^mpted  thszvgh  vc.rliilu«  **  dr  and  Ni  lev" Is.  fourth 
clemen;  additions,  and  po«t,~brase  h©£t  tres&sest,  The  programmed  chemical  modi¬ 
fications  are  Itemized  ir.  fa&b  SXn.  -  - 


Results  of  Brass#  Screening  Studies 

Ti-X’-Be  Systems. "  flic  effects  of  each  caffidid&ti;  alloying  agent  (termed  ”X”)  used  to 
make  up  ■’he  ternary  braze  alloy,  fi-X-5.  6  Be,  are  discussed  separately  for  each 
alloying  element  evaluated.  Aluminum  additions  (in  tfce  range  8. 3  to  24. 9  percent 
aluminum)  and  tin  additions  (in  th©  range  17. 0  to  34.0  perceut  tin)  had  an  adverse 
effect  upon  craze  wetting  and  fluidity;  i.e. ,  m  braze  joint  formation  was  evident 
for  trial  braze  temperatures  up  to  2050  F  (T1-5A1-2, 5Sn  foils).  In  the  case  of 
aluminum,  the  problem  was  believed  caused  by  transient  Al^Og  or  TiAl  formation 
at  the  braze/foil  interface  which  effectively  blocked  the  braze  wetting  mechanism. 
Apparently  the  wetting  problem  was  restricted  to  the  highor  aluminum  concentrations, 
inasmuch  as  a  Ti-2. 3A1-5, 6 Be  alloy  had  exhibited  excellent  brazing  characteristics 
with  TI-6A1-4V  foils  in  prior  work  at  Solar  fov%m  temperature  <-  1950  Fi,  Therefore, 
any  concept  to  stabilize  <r~Ti  in  future  titanium  or  Ti-Zr  braze  alloys  by  small  to 
mode ’‘ate  additions  of  aluminum  need  not  be  abandoned.  The  difficulty  caused  by  tin 
additions  was  not  Identified,  but  very  probably  it  routed  to  the  high  vapor  pres¬ 
sure  of  tin  si  anticipated  braze  temperatures .  (This  also  could  have  been  the  problem 
with  germanium,  which,  ax  shown  in  Tables  XX  and  XXfH,  exMbited  a  disappointing!, 
small  and  constant  effect  upon  melting  point  depression.  Rapid  evolution  of  an  alloying 
agent  can  have  a  disruptive  effect  upon  any  candidate  s  braze  performance. 


TABLE  XXH 

RM  SERIES  ALLOYS  BASED  ON  Ti-Zr-Ni  AND  Ti-Ni  EUTECTICS 
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Of  the  rwm&lrsing  candidate  alloyir; -  ily  copper  (9. 57  percent  copper) 

and  manganese  (8. 68  percent  manganese)  were  sw  .,n  capable  of  depressing  the  flow 
temperature  to,  cr  below  the  maximum  permissible  orate  temperature  of  1850  F, 

The  Ti~9.S?Cu-8.8B«  alloy  demonstrated  good  brazing  charaoterietica  at  1800  F  but, 
m  shown  In  Figure  41,  left  a  moderate  unmelted  residue  Indicating  the  beryllium  level 
required  some  adjustment.  The  Ti-8, 68Mh-3. 6 Be  alloy  braced  well  at  1850  F  on 
T1-5AH.  56n  foils,  but  also  left  a  moderate  residue  (Fig,  42).  Only  slight  erosive 
tendenoier  were  noted  for  either  alloy.  Both  of  the Sc  candidate  alley  brasemen*" 


TABLE  XXH(Ccnt) 

EM  SERIES  ALLOYS  BASED  ON  Ti-Zr-Ni  AND  Ti-Ni  EUTECTICS 


displayed  notable  resistance  to  crevice  corrosion,  having  withstood  72  hours  exposure 
to  salt  spray  without  apparent  attack,  hi  contrast,  control  specimens  brazed  with 
Ag^Ai~0>2ifs  sxdlercd  extensive  damage  by  oorrosion  (Fi*.  43). 

Hewmr,  bee suss  significantly  lower  brazing  temperatures  had  been  observed 
in  the  Ti-Zr-Be  system  with  e^uivaknt  salt  spray  corrosion  resistance,  the  alloying 
agmite  wppes  man$u test  appeared  at  this  point  more  applicable  as  additives  to 

•n-Zr-Be  brass  alloys.  &  was  reasoned  that  those  T)-Zr~B«  eutectic  alloy,  already 
poaaeosinf  firm  temperature*  In  tit*  range  1900  to  1700  F,  wight  wall  benefit  from 


TABLE  XXHI 

RESULTS  OF  BRAZE  STUDIES  ON  THE  TERNARY  BRAZE  ALLOY  TI-X-Be 


TABLE  XXIV 

RESULTS  OF  BRAZE  STUDIES  ON  THE  TERNARY  BRAZE  ALLOY  Tl-Zr-Be 
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minor  additions  of  manganese  or  copper  to  further  depress  flow  temperatures.  The 
same  reasoning  held  true  for  the  alloying  agents,  silicon,  iron,  cobalt,  and  nickel, 
hi  the  systems,  Ti-X-Be,  minor  additions  of  these  elements  brought  about  marked 
reductions  in  flow  temperatures  (although  not  of  sufficient  magnitude  to  be  interesting 
in  the  Ti-X-Be  system  itself).  For  example,  juat  4. 28  percent  cobalt  reduced  the 
flow  temperature  130  degrees  F;  2.76  percent  iron  reduced  the  flew  temperature 
160  degrees  F;  4. 14  percent  nickel  reduced  the  flow  temperature  150  degrees  F;  arid 
only  1.21  percent  silicon  reduced  the  flow  temperature  170  degrees  F.  Such  reductions 
would  be  most  desirable  for  Ti-Zr-Be  braze  alloys  which  themselves  already  possess 
nominally  acceptable  flow  temperatures  in  the  range  of  1600  to  1700  F.  Consequently, 
the  effects  of  controlled  alloying  with  the  elements  coffer,  manganese,  silicon,  iron, 
cobalt,  and  nickel  were  studied  on  the  most  promising  alloys  of  the  Ti-Zr-Be  system. 

The  Ti-Zr-Be  System.  Progressive  additions  of  zirconium  to  the  Ti-Zr-5, 6Be 
ternary  (starting  at  zero  percent  zirconium)  resulted  in  a  systematic  decrease  in 
braze  flow  temperature  from  2050  F  to  a  minimum  of  1620  F  at  47. 2  percent 
zirconium  (Tablet  XXI,  XXIV,  and  Fig.  44).  The  minimum  in  flow  temperature 
occurs  at  the  same  Ti/Zr  ratio  (30. 0/50. 0  weight  percent)  as  that  which  produces 
the  nunlmum  liquidua  temperature  in  the  Ti-Zr  Unary  system.  Since  the  first 
eutectics  in  both  the  Ti-Be  and  Zr-Be  systems  occur  at  5. 6  percent  beryllium 
(Solar  determination),  the  minimum  at  Ti-47. 2Zr-5. 8 Be  was  not  surprising.  Typical 
braze  structures  for  all  six  zirconium  levels  are  shown  in  Figure  45.  All  candidate 
brazemscts  passed  a  72-hour  tab- spray  corrosion  test  without  apparent  structural 
damage. 


SO 


An  apparent  anomaly  in  the  mode  of  liquidus  depression  was  observed  in  the 
first  run  of  tests  at  the  3. 5  percent  zirconium  and  18. 9  percent  zirconium  levels 
(Fig.  44).  At  9.5  percent  zirconium,  the  depression  was  approximately  140  degrees  F 
lo.  ’er  than  expected;  at  13.9  percent  zirconium,  about  40  degrees  F.  Initially,  it  was 
suspected  that  another  low-beryllium  eutectic  or  minimum  in  the  Ti-Zr-Be  system 
was  being  evidenced,  possibly  occurring  at  a  high  Ti/Zr  ratio.  Such  a  eutectic  or 
other  low-melting  phenomenon  might  have  proven  desirable  as  a  braze  alloy  base  by 
inhibiting  the  erosion  and  corrosion  tendencies  (i.e. ,  the  inhibition  of  both  is  favored 
by  high  Ti/Zr  ratios  at  equivalent  braze  temperatures).  Unfortunately,  the  anomalously 
low  braze  temperatures  could  not  be  reproduced  in  second  and  third  attempts  to  con¬ 
firm  first  run  data.  The  most  logical  explanation  was  that  random  Zr  segregation  in 
the  button  ingot?  caused  the  sporadic  low  melting  behavior. 

The  most  important  result  of  this  screening  study,  however,  was  that  the 
Ti-47. 2Zr-5. 6 Be  braze  appeared  to  be  the  most  promising  base  for  further  study  and 
optimization.  The  flow  temperature  was  the  lowest  recorded  at  the  5.6  percent 
beryllium  level  (1620  F)  .  consequently,  foil  erosion  was  minimal.  The  alloy  exhibited 
excellent  brazing  characteristics  in  a  high- vacuum  environment  and  in  argon.  Par¬ 
ticularly  attractive  were  its  outstanding  fluidity  in  capillaries  and  its  smooth  filleting 
behavior.  Both  were  consistent  in  any  one  specimen  and  reproducible  from  specimen 
to  specimen.  In  spite  of  its  high  f  dPy  characteristic,  It  showed  no  inclination 
towards  deleterious  "super-fluidity"  or  "sweating"  as  do  most  silver-base  alloys. 

Finally  the  crevice  corrosion  resistance  of  11-47  2Zr-5.6Be  bra  laments  in  salt 
spray  teats  appeared  equivalent  to  the  best  titanium-base  brazements  evaluated  to 
date  (Fig.  45F). 

Because  the  Ti-4?.2Zr  5,6Be  looked  to  promising  as  a  candidate  braze 
material,  additional  studies  (other  than  the  standard  braze  screening  tests)  were  felt 
warranted  to  better  «sge  Us  potential  for  foil  joining.  This  work  took  the  form  of  : 

•  Mechanical  tests,  as-brazed  and  with  poct-braze  heat  treatment,  to  more 
c  ompletely  appraise  brozement  strength,  toughness  and  effects  of 

corrosion. 

•  AckHtfonal  foil  brazing  and  structure  studies  to  determine  the  critical 
elements  of  braze  alfoy  prepara^oo  and  safe  limit*  of  braze  cycling. 

This  additional  svudy  resulted  in  the  high-purity  compositions,  C8JS-4  and  C81S-5, 
both  nominally  11-47.  a.Zr-6.  SB*  fi'ubls  XVJQQ).  As  a  final  system  modification,  the 
Ti/Zr  ratio  was  v  as 'tod  simultamKiusiy  with  rsducUoi  in  beiyUlwm  concentration  is 


TABLE  XXV 

MODIFICATIONS  OF  THE  BASIC  CS13-5  BRAZE  ALLOY 


be  only  5.0  percent  beryllium,  which  favored  significantly  leas  be ry Hide  formation. 
(This  hypoeutectic  alloy  modification  was  labeled  CS217.)  Beryllium  levels  below 
5. 0  percent  created  problems  of  braze  sluggishness  and  heavy  unmelted  residue  be¬ 
cause  of  their  very  hypoeutectic  nature.  The  two  best  CS  alloys,  CS13-5,  (eutectic 
and  low  interstitial  content)  and  CS217  (hypoeutectic),  were  chosen  for  optimization 
through  fourth  element  additions  and  heat  treatment. 

The  Ti-Zr-X-Be  System  (CS  Series).  Previous  work  had  established  the  ootimum 
beryllium  concei/ration  (5. 0  percent)  and  Ti/Zr  ratio  (50/50  weight  percent)  for  braze 
alloys  of  the  Ti-Zr-Re  ternary  system.  The  resultant  alloy  (labeled  CS217,  an 
obvious  derivation  of  CS13-5)  brazed  well  at  1640  F  with  minimal  foil  erosion  and 
negligible  alteration  of  foil  structure  and  hardness  (Fig.  46).  The  chief  concerns  at 
this  point  over  braze  structures  in  general  for  the  CS  series  alloys  were: 

•  Ac  occasional  tendency  to  form  massive  be  ry  Hide  particles  (R^  65  to  70) 
in  the  as- bra  zed  condition. 

•  A  moderately  hard  eutectic  structure  (~R^  50  to  55)  whieh  constituted 
the  bulk  of  the  braze  volume. 

•  A  tendency  to  form  retained  p  or  partially  transformed  p  "'  ridges5  on 
faying  surfaces  upon  prolonged  holding  (  >  5  minutes)  at  the  bn  ze  tem¬ 
perature  f~Rc  35  to  40  with  Ti-oAl-2. 5Sn  foils).  The  primary  beta 
formation  tendency  was  rentable  tc  foil  assimilation  of  the  beta 
stabilizers,  zirconium  and  beryllium ,  from  the  braze.  An  example  of 
the  surface  buildup  of  beta  is  shown  in  Figure  45 C  and  F. 

None  of  these  structural  characteristics  were  definitely  known  to  impair 
omze.nent  strength,  toughness,  or  stability.  Tbs  concern  was  that  they  might  well 
influence  braze  properties  or  stability.  A  more  favorable  braze  structure  doubtless 
would  be  devoid  of  massive  beryl’* tie;  would  posses  a  softer  eutectic  (~ft£  35  to  45) 
comprised  of  fully  (i.e. ,  equilibrium)  t;  tnsformed  titan! ur  matrix  enclosing  sphere; - 
di2*j,  uniformly  distributed  be  ry  Hi  dee,  and  would  poesess  interlocking  bridges  of 
primary  solids  (fully  transformed  beta  at  30  to  35).  All  of  these  desirable  a] tern- 
tlons  in  braze  structure  might  be  accomplished  by  ol  '  or  more  of  the  following 

•  Controlled  minor  alloying  additions  (substitute  partially  for  beryllium 
as  a  melting  point  depressant). 

•  Controlled  braze  cycle  (controlled  braze  solidification). 

•  Heat  treatment  poet  brazing  (primarily  to  achieve  equilibrium  products 
of  transformation). 


Work  was  concentrated  upon  minor  alloying  additions,  based  largely  upon  the 
encouraging  results  of  similar  additions  to  the  Ti-5. 6Be  binary  alloy.  It  was  antici¬ 
pated  that  the  alloy  additions  would  (in  general)  tend  to  lower  the  braze  flow  tempera¬ 
ture  o  the  base  alloy,  CS217.  However,  it  was  felt  that  as  long  as  the  braze 
temperatures  of  CS217  modifications  remained  <1700  F,  no  problems  of  excessive 
foil  erosion  or  beta  embrittlement  (foil)  would  be  experienced.  The  actphl  effects  of 
controlled  additions  of  silver,  aluminum,  iron,  nickel,  cobalt,  silicon,  germanium, 
copper,  and  manganese  upon  braze  characteristics  and  braze  structure  are  listed  in 
Table  XXVI.  The  method  of  alloying  consisted  of  adding  a  given  weight  percent  of  a 
fourth  element  (silver,  silicon,  nickel,  etc.)  to  the  CS217  base  so  that  the  Ti/Zr 
ratio  remained  constant  (50/50),  but  the  beryllium  level  was  reduced  bydhe  amount 
of  the  fourth  element  addition  (4. 4  to  4. 9  percent  beryllium). 

On  the  nonberyllide  formers  (silver,  aluminum,  silicon,  and  germanium), 
only  aluminum  and  silicon  exhibited  promise.  In  T-joint  braze  tests  with  CS217C 
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TABLE  XXVII 


STRENGTH  AND  STRAIN  ACCOMMODATION  TESTING  OF  CS217  SERIES 
BRAZE  ALLOYS  AT  ROOM  TEMPERATURE 


litres*  In  foil  component 
(pal)  to  cause  joint  failure 

In  T-  joint  test*.  <Ti-6Al-iV) 

Foil  Area  =  0.  5  x  10  x  10~3  sq  in. 

Threshold  foil  stress  and  strain  Ate’s 
for  first  crack  in  tapered  tensile 
iv'ecimen  (Ti-5Al-2.  5Sn)  6  mils  th'ek 

Alloy 

Minimum 
Stress  (k*i) 

Strain  ; 

(micro  in.  /in. ) 

CS217 

105.000,  93,000 

103 

6438 

CS217A  :  -  10%  A? 

103,000,  <0,000 

109 

6812 

CS217C  :  '■  5%  •!. 

142,000,  137,000 

132 

8.50 

CS2J7E  :  v  51  Ni 

105,000,  49,000 

120 

'/  500 

CS2,7F  :  ♦  5%  Co 

137,000,  74,000 

95 

5800 

CS217G  :  ♦  2T  81 

I39,000(1).  139,000<U 

98 

blOO 

CS217H  .  +  l.H  Ge 

8i ,  000,  90,000 

103 

6400 

CS2I7I  :  +■  9.  6T  Cu 

52,000,  49,000 

81 

5000 

TS-6A1-4  V  foil  {0.006  in,) 

135,000,  157.000 

-100 

(Yield  Stress.. 

-6700 

(Yield  Stress) 

1.  Parent  metal  failure*, 

(5  percent  aluminum)  a,.d  CS217G  (2  percent  silicon)  alloys,  very  goo-1  brazing 
char&ctei  sties  were  evident  at  the  somewhat  elevated  flow  temperatures  of  17  00  and 
1380  F,  re.mectlvely  (Fig.  47  and  48).  The  aluminum-containing  alloy  (CS2J7)  she 
no  massive  beryllide  formation,  but  neither  braze  alloy  e«’\.cuc  structure  revealed 
any  softening  trend  (Table  XXVI).  The  imp'tiant  adva..ia.;es  s horded  by  there  two 
alloys  ultiii  itely  lay  in  the  areas  of  high  and  reproducible  brazement  strength 
(T-joint  tensile)  and,  in  thr  case  of  CS217C  (T*ble  XXVII),  good  strain  accommodation 
fUpered  foil  tensile  specimen  covered  with  thin  surface  film  of  brate).  In  duplicate 
T-joint  tensile  teste  on  CS2I7C.  T-Joint  failures  occurred  in  the  braze,  but  very 
;lwt  fracture  strength  of  toe  T1-6A1-4V  foils.  In  similar  testa  upon  CB7I7G.  failure  did 
occur  in  the  foil  members  at  high  strc.es  levels  0  39, 000  psi  foil  stress).  Strain  ac- 
conucodstJor.  testa  also  revealed  that  cracks  did  not  develo  in  thin  surface  braze  films 
(CS217t')  until  a  foil  strain  higher  than  that  equivalent  to  the  foil  yield  strain  was  de¬ 
veloped. 

These  test  values  showed  a  marked  improvement  over  those  for  the  CS2I  ?  b^se, 
and  helped  to  indicate  the  CS217C  braze  mocuflcaLoo  as  the  most  promising  braze 
candidate  to  tin#  point,  T-Joint  strength  values  for  CSETIG  (2  percent  silicon)  were 
equally  promising  jn  spite  of  the  massive  be ry Rides  in  the  braze  structure  and  lower 
strain  accommodation  values. 
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Of  the  fcerylUde  formers,  copper,  nickel.  and  cobait  additives  appeared' to  have 
good  potential  (Table  XXVI)  Brazing  characteristics  were  uniformly  good  to  excellent, 
and  lower  braze  temperatures  were  possible,  e.  %, ,  152 0  F  with  C 82171  (3, 6  percent- 
copper);  1600  F  with  CS217E  (5  percent  nickel); and  1626  F  with  CS217F  (6  percent 
cobalt).  As  shown  in  Figures  49,  50,  and  51,  alloys  showed  a  tendency  to  form  ©mall, 
uniformly  dispersed  beryilides,  with  negligible  massive  beryllide  formation.  The 
copper -containing  alloy  (Co2l7I)  appeared  especially  good  in  this  structural  aspect, 
which  may  account  for  its  high  level  of  toughness  as  gaged  by  its  resistance  to  ingot 
cra«hing.  However,  the  T-joint  tensile  strength  of  CS217I  proved  much  inferior  to 
the  CSZ17  base  (Table  XXVII).  The  nickel-  and  cobalt- containing  braze  alloys  yielded 
erratic  strength  data  with  low  strength  levels.  Strain  accommodation  tests  on  those 
modifications  showed  that  the  nickel-containing  alloy  (CS217E)  was  tne  only  one  capable 
of  being  strained  above  the  yield  strain  of  the  substrate  foil. 

was  decided  at  this  point  to  select  the  following  CS  series  alloys  for  more 
thorough  evaluation  in  Task  IV  of  Phase  I; 

_ Alloy _  _  Basis  tor  Selection _ _ _ 

CS217,  Eutectic  (CS13-5)  Baseline  for  comparison 

md  CS217 

CS217C  and  CS217G  Highest  strength,  good  to  moderate  strain 

accommodation  (respectively) 

CS217E  Moderate  strength,  good  strain  accommoda¬ 

tion 

CS217F  Excellent  braze  characteristics,  moderate 

strength  and  strain  accommodation 

CS217T  Excellent  braze  characteristics  and  braze 

structure,  good  toughness  level  indicated, 
fair  strength  and  strain  accommodation 

The  Ti-Zr-Ni  System  (RM  Series),  Modification  of  the  basic  RM1  alloy  was  under¬ 
taken  to  obtain  greater  toughness  and  to  evaluate  and  improve  corrosion  resistance. 

The  details  of  this  initial  investigation  for  the  variations  of  the  RM  series  (RM1  to 
RM21)  are  included  in  Table  XXII.  The  modifiers  were  manganese,  copper,  tin, 
beryllium  (w!  ’ch  form  eutectics  with  titanium,  zirconium,  and  nickel),  and  palladium 
(which  forms  a  continuous  solid  solution  with  nickel  with  a  minimum  melting  point  at 


:mlW 


1 

■ 

'  , 

- 

— 

* 

~~*r— ” 1 — — " - - 

Strain  Aeeommodatiea  Tents 
ffl-*5Al“2.5Sh  Tapered  Foil, 

1.  loch  Thick. 

- > — - — * - — — . . . 

T-Joint  Toastie  Test 
(0. 01®  inch  thick 

. 

RM 

ffraribtr 

' 

' 

Alloy 

Compaeitioa 

Ffew 

Point 

(FI 

Foil  Stares*  at 
foitiai  Brae* 
Cracking 
(ksi) 

Foil  Strain  at 
inWsl  Brasc 
Cracking 
(micro  is.  /in. ) 

T1-6A1-4V  toils) 

Foil  Stress  at  Component 
Failure 
(ksi) 

*. 

Ti~4jiZr-18f« 

r  -  «nuj 

i«sa 

Vi  5,  95.6 

LL  >«■-  t  XU.  r  n 

5f£S,  5 $75 

81 

65 

28 

®M1  +  19%Ag 

se?* 

98.8 

6160 

— 

— 

4 

Ti“42Zr“14N.i 

IIS1' 

— 

— 

j  32 

mu  + 

it*® 

90.7 

5670 

81 

56 

32 

Ti-2r-8Ki-2Be 

im 

80.7,  108,0 

5040,  6750 

no 

58 

j  M 

Rails  +  10%Ag 

1SS» 

Hu,  e 

6960 

78 

_ _ _ 

61 

60  weight  percent  palladium).  For  various  reasons  detailed  in  Table  XXn,  manganese, 
copper,  tin,  and  palladium  additions  did  not  improve  braze  characteristics.  Principal 
problems  were; 

•  Continuous,  intermotalile  layer  formation  at  braze/foil  interface 

•  Excessive  erosion 

•  Low  peel  test  values  fc  100  Ib/in. ) 

«  Poor  flow  <  1750  F  and  heavy  umnelted  residues 


Beryllium  was  found  to  depress  the  melt  and  flow  temperatures  considerably  and 
allowed  the  selection  of  three  possible  alloys  for  second  step  evaluation  studies. 
Three  alloys  were  found  satisfactory  from  evaluation  of  flow  characteristics,  foil 
erosion,  microstructure,  and  corrosion  resistance  (examined  metallographieally 
after  114  hours  in  salt  spray).  These  alloys  are: 

•  RM1:  Ti-41Zr-18Ni  (flow  point  -  1650  F) 

•  RMS;  Ti-43Zr-12Ni-2.  GBe  (flow  point  -  1.70  F) 

•  RM12:  Ti-45Zr-8Ni-2.  OBe  (flow  point  -  1650  F) 

The  microstructures  (after  114  hours  salt  spray  exposure)  of  titanium  foil 
T-joints  brazed  with  the  above  alloys  are  shown  in  Figures  52,  53,  mid  54. 


These  RM  alloys  not  only  possessed  very  good  brazing  characteristics  with 
titanium  foils  (similar  to  the  CS  series  of  Ti-Zr-B©  alloys),  but  also  illustrated  the 
potential  for  providing  significantly  lower  brazing  temperatures  (<1600  F)  with  less 
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beryllium  con  tern.  As  thus  next  step,  several  other  alloying  agents  (silicon,  germanium, 
r  liver,  and  aluminum)  as  ■well  as  more  nickel  and/or  beryllium  content  were  evaluated 
with  the  intent  of  f.^dj-ng  eves  lower  melting  braze  compositions.  The  details  of 
this  investigation  are  also  included  in  Table  XXH,  From  the  flow-temperature  stand¬ 
point,  the  following  aJoye  appeared  interesting,  though  extremely  brittle: 


Composition  (wt  %) 

Flow 

Temperature 

(F) 

Designation 

Titanium  Zirconium  Nickel 

X 

Remarks 

RM22 

37.5  37.5  21.0 

(4.  OBe) 

1380 

Very  brittle 
ingot 

RM24 

(94%  RMl)  +  (4Be*2Si> 

1550 

Very  brittle 
ingot 

RM25 

42,0  42.0  12.0 

(4.  OBe) 

1500 

Brittle  ingot 

RM34 

(85%  RM22)  +  <15%  Ag) 

1550 

Brittle  ingot 

However,  on  the  combined  bases  of  brazing  characteristics,  apparent  toughness  in 


ingot  comminution,  and  favorable  joint  microstructure  (minimal  erosion  and  low 
intermetallic  content),  the  following  RM  modifications  with  silver  showed  considerably 
more  promise. 


Designation 


Flow 

Temperature 

Composition  (F) 


RM28  (Fig.  55) 

RM32 

RM33 


90%  RM1  +  10%  Ag 
90%  RM4  +  10%  Ag 
90%  RM12  +  10%  Ag 


1620 

1720 

1580 


As  shown  in  Table  XXVI13,  the  preliminary  test  results  on  the  above  alloy »  indicated 
fair  to  good  strain  accommodation  levels  with  only  fair  braze  joint  strengths  in  T-joint 
tensile  teste. 

A  good  possibility  existed  that  improvements  in  braze  toughness,  strength, 
and  stability  would  result  from  lower  s  the  zirconium  content  of  the  RM  alloys  making 


them  essentially  titanium-based.  This  was  reasonable  in  light  of  the  following  influences 
attributable  to  zirconium: 

•  Zirconium  tends  to  stabilize  the  6  phase  and  may  promote  undesirable  (3 
transformation  products  in  RM  series  matrices  and  braze-affected  foils. 

•  Zirconium  tends  to  restrict  the  solid  solubility  of  nickel  in  the  terminal 

solid  solution,  which  acts  to  increase  the  (Ti,  Zr)2Ni  intennet&llic 
concentration,  1 

One  or  both  of  the  above  tendencies  might  explain  the  uniformly  easier  comminution 
(as  a  measure  of  relative  toughness)  of  RM  alloys  versus  the  CS  series  alloys. 


Therefore,  a  group  of  RM  alloys  with  just  20  percent  zirconium  wss  formu¬ 
lated  with  the  hope  of  obtaining  improved  stability  and  toughness  (RM39  to  RM46).  hi 
comminution,  marked  improvement  in  ingot  toughness  was  observed;  however,  higher 
beryllium  levels  were  required  to  maintain  braze  temperatures  <1700  F.  The  RM40 
(Fig.  56),  RM42,  and  RM44  alloys  displayed  best  brazing  characteristics.  Two  alloys 
with  no  zirconium  (RM23  and  RM26  -  Fig.  57)  also  appeared  interesting  from  the 
toughness  standpoint  and  were  included  in  the  grow for  further  study. 

On  the  basis  of  initial  screening  tests,  the  following  RM-series  alloys  were 
chosen  for  more  thorough  evaluation  in  Task  IV  of  Phase  I; 


Alloy 

Za.BiS  of  Selection 

RM1 

Baseline 

t 

RM8  1  j 

RM12  j  j 

Good  bxazing  characteristics  and  structure, 
corrosion  resistance,  and  low  flow  temperatures 
1470  sin!  1650  F,  respectively).  Moderate  strength 
and  strain  accommodation. 

RM28 
RM32  ! 
RM33  ] 

1 

! 

Superior  brazing  characteristics  s  1720  F  with  the 
10%  Ag  addition.  Moderate  strength  and  strain 
accommodation  levels.  Good  toughness  levels. 

RM23 

RM26 

RM40 

RM42 

RM44 

Best  toughness  gaged  by  resistance  to  comminu¬ 
tion,  due  to  reduced  Zr  contents.  Good  brazing 
Characteristics  s  1700  F. 

Ni-lOP  Mating;  (to- Situ  Braze  Candidate).  To  screen  Ni-lOP,  several  flat  and  cor¬ 
rugated  pieces  of  0;  006-inch,  Ti-SAl-2. 58n  foil  were  Kanlgen  plated  on  both  sides. 
The  plan  was  to  simulate  in- situ  brazing  of  a  plate- and-fin  heat  exchanger  section. 


Oae  series  was  plated  to  0. 075  mil  and  the  other  to  0. 1 50  mil,  with  the  assumption 
that  some  influence  of  thickness  coulr1  be  measured.  F  rst  trial  brazing  temperature 
of  1825  F  for  thirty  minutes  in  vacuum  was  selected  to  correspond  with  the  most 
successful  previous  experience  (Ref.  93).  As  shown  in  Figure  58A  and  B,  the 
microstructure  of  the  brazed  area  n'sd  the  braze  affected  center  foil  was  composed  of  the 
beta-embrittled  (©  +  p)  Widmanstatten-type  structure  while  the  areas  adjacent  were 
only  affecteu  next  to  the  plating.  The  normal  ©  structure  away  from  the  Ni-lOP 
layer  was  very  clear,  indicating  that  the  Kanigen  plating  can  be  detrimental  as  a 
braze  material  in  lowering  the  effective  beta  transus. 

Results  from  salt  spray  exposure  of  one  hundred  hours  on  tM  joints  were 
sufficient  to  show  definite  corrosion  effects  and  substantial  degradation  in  joint 
strength  and  peel  resistance  (based  upon  manual  bend  and  peel  tests).  Evidently, 
sufficient  quantities  of  nickel  and/or  phosphorus  diffused  into  the  previously  all-alpha 
foils  during  brazing  (1825  F,  0.5  hour)  to  lower  the  beta  transus  from  1900  to<1825  F, 
resulting  in  a  coarse  Widmanstatten  precipitate  of  acicular  alpha  within  untransformed 
beta  upon  cooling.  Such  structures  are  normally  associated  with  beta  embrittlement 
phenomena.  To  minimize  Ni/Ti/P  interdiffusion,  lower  braze  temperatures  and 
shorter  braze  times  were  investigated.  A  braze  cycle  of  1725  F  for  5  minutes  ap¬ 
parently  left  the  beta  transus  >1725  F,  but  did  produce  a  1 . 2-mil  thick  layer  of  hard 

intermetallic  phase  (Ti  Ni)  adjacent  to  the  braze,  leaving  just  3. 0  mils  of  unaltered 

*/ 

foil  (Fig.  58C).  Braze  flow  and  fillet  formation  also  proved  marginal  at  1725  F  due 
to  the  proximity  to  the  Ni-P  eutectic  temperature  (1700  F). 

Subsequent  brazing  tests  conducted  at  intermediate  temperature  (1760,  1775, 
and  1800  F)  revealed  a  logical  transition  in  the  foil  structures.  Foil  brazed  at  1750  F 
for  5  minutes  exhibited  a  1. 2-mil  thick  layer  of  a  coarse  Widmanstatten  pattern 
(acicular  ©and  untransformed 3 )  adjacent  to  the  braze  alloy  coating  (Fig.  59A).  At 
1775  F  (5  minutes),  the  Widmanstatten  structure  increased  to  1, 8  mils  thick  (Fig.  59B). 
At  1800  F,  the  entire  T1-5A1-2. 5Sn  foil  was  comprised  of  the  coarse  Widmanstatten 
structure  and  significant  grain  growth  was  observed  (Fig.  59C). 

Because  the  Ni-lOP  coating  strongly  promoted  a  beta-embrittlement  condition 
at  the  lowest  possible  braze  temperature,  and  because  foil  brazements  were  found  to 
be  susceptible  to  salt  corrosion,  it  did  not  appear  that  the  Ni-P  system  had  sufficient 
merit  for  titanium  foil  joining.  Therefore,  no  further  investigation  was  programmed. 


Work  begun  with  braze  screening  tests  on  some  40  candidate  braze  alloys 
using  foil  T-  joint  specimens  to  assess  minimum  flow  temperatures  and  brazing 
characteristics.  By  selective  third-element  alloying  of  the  Ti-5.»6e  eutectic  base  with 
minor  additions  of  aluminum,  cobalt,  chromium,  iron,  germanium,  manganese, 
copper,  nickel,  silicon,  silver,  and  tin,  attempts  were  made  to  reduce  the~2000  to 
2050  F  binary  eutectic  braze  temperature  to  <1750  F.  The  main  objectives  were  to 
minimize  the  high-temperature  foil  erosion  tendency  and  to  favor  retention  of  foil 
properties  by  brazing  below  the  foil  alloys'  beta  transus  temperature.  Generally, 
excellent  brazing  characteristics  were  obtained,  but  the  lowest  braze  temperature 
recorded  was  1800  F  (with  9.57  percent  copper).  Fortunately,  the  Ti-Zr-Be  eutectic 
braze  system  was  found  to  provide  considerably  lower  starting  flow  temperatures 
(->1620  to  1650  F  for  Ti-47. 2Zr-5. 6 Be)  and  the  third  element  additions  which  had 
shown  most  promise  with  the  Ti-Be  eutectic,  were  evaluated  further  (as  fourth 
element  additions)  with  the  Ti-Zr-Be  eutectic  (aluminum,  copper,  cobalt,  nickel, 
manganese,  and  silicon).  Although  lower  flow  temperatures  were  not  achieved, 
several  of  these  quaternary  alloys  (CS  series)  developed  superior  strength  and  tough¬ 
ness  properties  in  foil  brazements.  Because  they  brazed  well  at  intermediate  tem¬ 
peratures  (1650  to  1700  F),  foil  erosion  was  minimal  and  retention  of  foil  properties 
excellent. 


In  the  final  screening  study,  the  largest  number  of  candidate  braze  alloys 
were  evaluated  for  applicability  to  foil  joini’wj;  28  mere  ternary  and  quaternary  alloys 
based  upon  the  Ti-Zr-Be  eutectic  (CS  series),  and  46  more  quaternary  and  quinary 
alloys  based  upon  Ti-Zr-Ni,  Ti-Zr-Ni-Be,  and  Ti-Ni-Be  eutectics  (RM  series).  The 
RM  series  substituted  nickel  in  combination  with  other  melting  point  depressants  for 
beryllium  to  reduce  the  total  becyllidc  content  and  to  obtain  braze  temperatures  <1600  F. 
(Beryllium  concentration  was  varied  from  0. 0  to  5. 0  weight  percent. ) 

An  investigation  was  made  also  of  thin  N1-10P  coatings  (plated  on  program 
alloy  foils  by  the  Kanigen  electroless  process)  for  possible  in-situ  braze  application 
(minimal  flow  brazing).  Trial,  short-time  brazing  runs  with  simulated  plate- ami- fin 
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structures  were  carried  out  successfully  in  the  range  of  1750  to  1825  F,  but  two 
serious  problems  were  encountered: 

•  A  brittle,  Widmanstatten  structure  was  developed  in  braze- affected 
foils  at  all  braze  temperatures  because  of  the  strong  influence  of 
nickel  and  phosphorus  lowering  the  foil  alloy's  beta  transus  tempera¬ 
tures. 

•  Salt-spray  exposure  of  100  hours  caused  visible  joint  corrosion  and 
substantial  degradation  in  joint  strength  and  peel  resistance. 

Because  of  the  unpromising  screening  results,  Ni-10?  was  dismissed  as  a  candidate 
braze  material. 

3. 4. 4  Advanced  Braze  Optimization  Studies 

Work  was  concentrated  on  studying,  in  depth,  those  candidate  braze  alloys 
which  evidenced  most  promise  in  previous  screening  tests. 

Referenced  screening  of  braze  characteristics  and  braze  structures  reduced 
the  number  of  useable  compositional  modifications  to  the  18  candidate  braze  alloys 
listed  in  Table  XXVXX.  The  braze  alloys  were  divided  into  two  categories: 

•  Hie  CS  series,  dependent  upon  beryllium  (4. 5  to  5.6%)  as  the  principal 
melting  point  depressant. 

•  Hie  RM  series,  using  both  nickel  (7.2  to  18  0%)  and  typically  reduced 
beryllium  (0. 0  to  5. 0%)  as  major  -netting  point  depressants. 

Tb«  intent  of  the  RM  series  was  to  substitute  nickel  partially  for  beryllium  as  a  melt¬ 
ing  point  depressant  to  reduce  the  total  beryllide  content.  In  general,  the  beryllide 
content  was  decreased  in  the  RM  series,  but  the  total  volume  percent  of  intermetallics 
remained  approximately  the  same  as  the  CS  series  (due  to  TigNi  and  Zr2Ni  formation). 

T-Joint  Corrosion  Testa 

Small  T-joint  braze ments  of  T1-5A1-2. 5Sb  foil,  0.006-inch  thick  were  ex¬ 
posed  to  100  hours  of  salt  spray  environment,  then  bent  manually  90  degrees  and 
examined  visually  and  metallographically.  The  candidate  braze  alloys  RM1,  RM23, 
RM26,  RM23,  RM32,  RM44,  CS217E,  and  C8217F  showed  a  slight  tendency  toward 
braze  (not  joint  interface)  cracking  on  bending  before  foe  salt  spray  test;  and  as 
shown  in  Figure  60  through  64,  the  salt  spray  environment  did  not  aggravate  this 
tendency.  Only  RM40  and  CS217I  appeared  somewhat  more  prone  to  in-braze  crack¬ 
ing  following  salt  spray  exposure  and,  as  shows  In  Figures  65  through  68,  there  was 
no  evidence  of  interface  corrosion. 


TABLE  XX VEX 

BRAZE  ALLOYS  EVALUATED  IN  TASK  IV 


Alloy 

No, 

Brute 

Alloy 

Designation 

Nominal  Composition  (wt  %) 

MMmuin 

flow 

Temperature 

(F) 

Tl 

Zr 

N1 

Ba 

A1 

Co 

n 

Cu 

Ag 

C  SI  3-5 

Bal 

47,2 

n 

5.60 

1620 

CS217W 

Bal 

47.5 

1640 

CS217C<?' 

Bel 

45.1 

B 

4.75 

5.0 

1700 

C8217E 

Bal 

45.1 

4.75 

1600 

C3217F 

Bal 

45.1 

-- 

4.75 

— 

I™ 

1620 

6 

CS217G 

Bal 

46.6 

— 

4.90 

— 

— 

2.0 

1680 

7 

CS217I 

Bal 

42.9 

— 

4.50 

— 

— 

— 

9.6 

1520 

8 

RMS*3’ 

Bal 

43.0 

12.0 

2.00 

1470 

9 

RM12(4) 

Bal 

46.0 

8.0 

2.00 

1660 

10 

RM1 

Bal 

41.0 

18.0 

— 

1660 

11 

RM33 

Bal 

40.5 

7.2 

— 

— 

— 

~ 

10.0 

1580 

12 

RM32 

Bal 

38.7 

12.6 

B 

— 

— 

— 

— 

10.0 

1720 

13 

RM28 

Bal 

36.9 

16.2 

B 

— 

— 

— 

... 

10.0 

1620 

14 

RM23 

Bal 

17.2 

<*.00 

1700 

15 

RM26 

Bal 

— 

16.9 

3.90 

— 

— 

2.0 

1660 

18 

RM40 

Bal 

20.0 

8.0 

5.00 

■ 

1700 

17 

RM42 

Bal 

20.0 

12.0 

4.00 

1700 

18 

RM44 

Bal 

18.0 

..w 

7.2 

4.50 

— 

— 

"" 

10.0 

1700 

1.  DfcJutfty  *  4. 83  tpa/ce  3.  Density  -  5. 48  gnu/co 

2.  Density  *  4. 87  jpn/cc  4.  Density  -  5.33  gm/c« 


The  remainder  of  the  candidate  brace  alloy*  exhibited  no  cracking  tendency 
cither  before  or  met  *alt  spray  exposure;  and  as  shown  in  Figures  69  through  73, 
there  was  no  evidence  of  interface  (ere vice-type)  corrosion  or  general  corroeiao  on 
any  candidate  braxement. 

T-Joint  Strength  Tests 

T-Joint  tensile  teste  were  carried  out  on  candidate  alloy  brasesMmts  in  both 
the  ae-braxed  oonditioe  and  after  100. hours  exposure  to  salt  spray  (0. 010-lnch  thick 
T1-8A1-4V  foils),  Taasmuch  "»z  tU  great  majority  of  failures  occurred  in  the  brass 


TABLE  XXX 

RESULTS  OF  ROOM  TEMPERATURE  T-JOINT  TENSILE  TESTS 


Braze 

Foil  Stress  at  Failure  -  T-Joint  Tensile  Specimens  (ksi)  i 

Alloy 

As-Brazed  Condition 

After  100  Hours  Salt  Spray 

C SI 3-5 

147.8,  47.0 

60.0,  47.0 

CS217 

154.5(1)(PM),  145.6,  105.3  ,  93.2 

118,5,  49.2 

CS217C 

141.1,  136.8,  112.0,  111.5 

129.0,  87.8 

CS217E 

105.3,  82.0,  49.3,  41.0 

40.5,  40.0 

CS217F 

136.8,  83.0,  73.9,  63.0 

117.5,  100.0 

CS217G 

138. 9^ (PM),  138. 9(PM),  129.0,  60.0 

148.0,  100.5,  125.2(1) 

CS217I 

60.5,  60.5,  51.5,  49.3 

41.0,  40.3 

RM8 

119.0,  83  0,  74.0,  70.0,  62.0 

62.0,  41.0 

RM12 

118.0,  108.0,  62. 0,  60.0 

94.0,  56.0 

RM1 

82.0.  76.0,  64.0,  40.0 

92.3,  76.0 

RM33 

80.0,  61.0,  40.0,  30.0 

15.0 

RM28 

40.0,  30.0 

58...,  36.0 

RM23 

74.0,  60.0,  30.0,  25.0 

77.0,  36.0 

RM26 

108.0,  47.0 

76.0 

RM40 

112.0,  JOS. 3,  80.0 

87.8,  37.0 

RM42 

67,0,  62.0,  27.0,  40.0 

95.5,  37.0 

RM44 

130.0,  30.0 

44.8,  25,0 

Ag-5A1 

56.0,  28.0 

1.  Same  T-joint  specimen  exposed  in  salt  for  100  hours,  then  retested. 

PM  -  specimen  failed  In  foil  component. 

metal,  a  relative  assessment  of  braze  strength  and  resistance  to  corrosion  effects 
was  possible.  The  results  of  the  T-joint  tensile  teste  are  tabulated  in  Table  XXX 
and  the  flow  characteristics  and  mechanical  properties  of  the  candidate  braze  alloys 
are  summarized  in  Table  XXXI.  The  C8  series  of  braze  alloys  showed  the  highest 
strength  potential  (Fig,  74),  Maximum  as-brazed  strengths  in  the  range  of  105  to 
1SS  ksi  (foil  stress}  were  quite  common.  However,  the  variation  of  strength  for  a 
given  alloy  braze  me  nt  was  seen  to  he  great  also:  in  many  cases  the  minimum  strengths 
were  only  SO  percent  or  less  of  the  maximum  values  (e.g, ,  C813-5,  CS217E,  CS217F. 
and  CS217G).  The  wide  scatter  of  strength  value*  very  likely  reflects  the  marginal 


notch  toughress  of  the  hlgft- beryllium  CS  series.  In  this  regard,  the  candidates 
CS217C  with  5  percent  aluminum  and  CS2.17G  with  2  percent  silicon  appeared  most 
promising,  using  the  double  criteria  of  highest  strength  levels  and  most  consistent 
strengths.  This  observation  was  valid  both  aa- brazed  and  after  salt  spray.  The 
braze  alloy  CS217I  also  gave  consistent  strength  values,  quite  posable  dtie  to  its 
naturally  spheroidized  as-brazed  structure.  Strength  values  of  CS217I  were  the 
lowest  of  the  CS  series,  however. 

With  the  limited  number  of  test  results,  it  was  difficult  to  assess  the  effect 
of  salt  spray  environment  on  joint  strength  of  the  CS  series  br  ze  alloys.  However, 
for  the  CS  series  as  a  whole,  the  very  general  observation  could  be  made  that  the 
minimum  strengths  following  salt  spray  are  the  highest  (>  85, 000  pel)  for  the  candidates 
CS217C,  CS217F,  and  CS217G.  However,  the  wide  scatter  of  as-brazed  strength 
values  for  the  CS217F  and  CS217G  alloys,  with  values  as  low  as  60, 000  to  63, 000  psi, 
reduced  the  importance  of  the  preceding  observation.  For  cases  where  data  scatter 
were  not  appreciable,  no  definite  strength  degradation  was  observed  (single  exception: 
CS217I).  Hence,  the  corrosion  effect  tentatively  was  assumed  negligible  to  minor. 

The  big  problem  again  appeared  to  be  marginal  notch  toughness  of  the  braze  materials, 
leading  to  widespread  scatter  of  strength  values. 

The  same  general  observations  regarding  the  broad  scatter  of  strength  data 
and  vagueness  of  a  corrosion  effect  held  true  for  the  RM  seriee  of  braze  alloys.  The 
braze  alloys  RM8,  RM12,  and  RM40  showed  most  promise  on  the  basis  of  consistently 
providing  minimum  braze  strengths  2  60, 000  psi  (as-brazed  condition).  This  criterion 
ensured  an  as-brazed  strength  superior  to  that  afforded  by  Ag~5Al  alloy .  In  general , 
the  better  RM  series  alloys  exhibited  lower  potential  for  T-}oint  tensile  strength  than 
the  better  CS  series  alloys.  Surprisingly,  the  high  toughness  RM  series  alloys  con¬ 
taining  lower  zirconium  content  (e.g. ,  RM40,  42,  44)  and  no  zirconium  (e.g. ,  RM23, 
26)  exhibited  just  as  much  scatter  in  strength  data  as  the  less  tough,  high- zirconium 
heats.  The  problem  likely  stemmed  from  the  higher  beryllium  (and  beryllide)  levels 
required  to  maintain  flow  temperatures  s  1700  F. 
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FLOW  CHARACTERISTICS  AND  MECHANICAL  PROPERTIES 
OF  CANDIDATE  BRAZE  ALIOYS 


Su  iin  Accommodation  Test? 

To  gage  the  relative  strain  acfvmurnodatiou  capability  of  each  candidate  braze 
alloy,  a  very  thin  iay^r  of  braze  alloy  {<  0, 001  -inch  thick)  w?e  spread  and  brazed 
discontinuous ly  along  the  centerline  surfaces  of  tensile  specimens  of  T1-6A1-4V 
(0.  ui  0-inch  thick)  with  tapered  section  Each  specimen  was  pulled  in  tension  at 
room  temperature  to  a  ma.dmur  stress  of  135,  OOP'pai'  \  then  examined  for  cracks 
in  and  along  the  surface  braze  film,  fit  many  cases,,  no.  cracks  were  discernible  and 
vac  specimens  were  nulled  to  failure  and  reexamined*  The  width  of  foil  as  the  last 
crack  was  measured  with  an  ST  Optical  Comparator  and  this  figure  was  related 
to  the  minimum  strain  and  stress  (in  the  titanium  foil)  at  which  cracking  started. 

These  strain  data  are  recorded  in  Tables  XXXI  and  XXX li  and  typical  transverse  crack 
patterns  in  the  braze  are  shown  in  figures  75  and  76.  Since  brasetnents  in  service 
are  not  usually  subjected  to  a  foil  stress  above  the  0. 2  percent  yield  strength 
{'-■  135, 000  psi  for  T>-  '.I-4V),  braze  alloys  which  tend  to  crack  only  at  foil  stress 
a  130, 000  psi  were  u.-.  Mdered  satisfactory  from  strain  accommodation  considerations. 
Those  which  crack  at  lower  stresses  and  corresponding  strains  were  screened  out  as 
marginal, 

The  marginal  alloys  are  contained  in  the  following  list. 

Minimum  Foil  Stress 
For  Braze  Film  Failure 


Braze  Alloy  (ksi) 

RM1  97.3 

RM28  72.0 

RM32  120.6 

RM42  114.9 

RM25  117.8 

CS217I  120.2 


Fortunately,  all  of  the  candidate  bra™  alloys  which  exhibited  best  potential 
in  the  preceding  corrosion  and  strength  also  developed  satisfactory  strain  ac¬ 
commodation  values  (viz.  CS217,  CS217C,  CS217F.  CS217G,  RMS,  RM12,  and  RM40). 


1.  stress  corresponding  to  average  0.2  percent  yield  strength  of  T1-6A1-4V  foil 
(braze-cycled  condition; 
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TAPLE  XXXG 

STRAIN  ACCOMMODATION  TEST  RESULTS 


Double  Lap-Joint  Peel  Tests 


The  lap- joint  peel  tests  were  conducted  on  specimens  made  of  0, 010-inch 
thick  Ti-6A1-4V  alloy  and  the  results  are  included  in  Tables  XXXI  and  XXXin. 
Significantly  lower  values  of  load  for  peel  failure  were  obtained  when  a  poor  fillet 
was  formed;  otherwise,  the  data  obtained  are  considered  satisfactory  for  evaluation 
of  braze-line  peel  resistance  (a  measure  of  toughness)  of  the  candidate  braze  alloys. 

The  Ag-5Al  braze  joint  was  found  to  require  the  highest  average  load 
(1390  Ib/in. )  for  peel-type  failure,  followed  closely  by  CS2I7I  (8.6  percent  copper), 
CS217E,  RM44,  CS217C,  and  CS21 7 F  (with  average  values  of  1043,  873,  860,  8iir>  and 
794  Ib/in.  respectively).  The  alloy  CS217F  wa~  quite  interesting  as  it  exhibited  a 
high  tensile  strength  potential  (up  to  137,000  psi)  as  determined  by  T-joint  tensile 
testing,  as  well  as  good  strain  accommodation  and  insensitivity  to  corrosion  effects. 
Curiously,  it  was  occasionally  prone  to  iu-braze  cracking  in  manual  bend  tests. 

Many  of  the  RM  series  alloys  (RM33,  RM12,  RM26,  RM40,  and  RM44)  possessed 
about  the  same  maximum  peel  values  as  the  CS  series  alloys  (except  CS217F  and 
CS217I).  The  promising  braze  alloys  RM8,  RM12,  RM40,  and  CS217C,  all  showed 
high  and  consistent  T-joint  strengths  and  also  exhibited  consistently  good  pee!  test 
properties.  The  CS217G  alloy  was  considered  to  have  satisfactory  peel  resistance, 
inasmuch  as  the  one  poor  test  result  was  attributed  to  marginal  fillet  formation. 

Lap  Shear  Strength  Tests 

The  lap  shear  test  consisted  of  brazing  together  two  0.  019-inch  thick  by 
0.  5— inch  wide  foils  (Ti-6A1-4V)  with  an  average  overlap  of  about  0.  030  inch,  holding 
at  the  flow  point  for  5  minutes,  and  then  testing  the  resultant  specimen  in  a  tensometer 
to  obtain  failure  by  shear  through  the  braze  joint.  This  test  was  conducted  with  an 
idea  of  determining  shear  strength  of  the  various  braze  alloys,  but  it  was  found  that  the 
joint  failure  by  shear  occurred  at  about  the  same  tensile  load  regardless  of  the  exact 
overlap  area  (except  when  the  overlap  was  >  0. 040  inch,  the  failure  invariably  oc¬ 
curred  in  the  titanium  foil).  This  led  to  tfu  tentative  interpretation  that  failure  by 
shear  always  occurs  by  the  start  of  a  braze  crack  or  other  structural  defect  at  a 
certain  foil  stress  (or  strain)  in  the  fillet  area.  The  inference  was  that  this  threshold 
str  ;s  is  characteristic  of  the  braze  alloy  and  does  not  depend  primarily  on  the 
overlap  area.  However,  when  the  overlaps  exceed  0,04ft  inch,  failure  occurs  in  the 
titanium  foil  rather  than  the  joint  due  to  reduced  shear  strain  along  the  joint  interface. 
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TABLE  XXXm 

DOUBLE  LAP-JOINT  PEEL  TEST  RESULTS 


■ 

Alloy 

Pouisds/lncfe 
(of  Braze  Line)  at 
Failure  (Actual  Data) 

- - - - n 

Average  Value 

CS13-5 

744,  468 

608 

CS217 

840,  550 

695 

CS217C 

860,  820 

840 

CS217E 

985,  761 

873 

CS217F 

1151,  436 

794 

CS2I7G 

865,  457 

661 

CS2I71 

1160,  927 

1043 

RM1 

672,  314 

493 

RMft 

690,  690,  650 

677 

RM12 

710,  890 

700 

j  RM33 

927,  404 

666 

j  RM23 

726,  270 

496 

RM26 

838,  650 

744 

RM40 

S00,  7CC 

765 

RM42 

645,  180 

412 

RM44 

878,  838 

860 

Ag-5Al-„  2 

Mn  1560,  1220 

_  _ 

13  SO 

and  correspondingly  less  susceptibility  of  the  braze  w  notch-induced  cracking.  The 
shear  strength  data  obtained  at  overlap  <  0. 040  inch  are  included  in  Tables  XXXI  and 
XXXIV .  The  values  for  most  braze  alloys  are  in  good  agreement.  Thus,  the  lap  shear 
teat  data  were  considered  reproducible  in  terms  o!  the  stress  in  the  foil  at  incipient 
shear  failure. 

The  candidate  braze  alloys  CS217C  (5  percent  aluminum)  and  RM12  showed 
the  highest  lap- shear  strengths  (related  to  foil  stresses  of  106.000  psi  and  102,000  psi, 
respectively).  The  corresponding  average  shear  stresses  based  upon  the  lap-joint 
area  were  39,200  psi  and  43,200  psL  respectively.  These  are  quite  respectable  values 
of  shear  strength  .  or  titanium  foil  braze  joints  and  undoubtedly  reflect  both  the  influence 
of  intermetallic  strengthening  and  the  buttressing  effect  of  the  braze  fillet  at  small 


TABLE  XXXIV 

LAP- SHEAR  TEST  RESULTS 


Alloy 

Mete 

Overlap 

Width 

(mil) 

Exact 
Thictaeae 
of  Foil 
(mill 

Load  at 

Shear 

Failure 

(lb) 

Street  is 
Foil  at 
Shear 
(tail) 

Mean 

Overlap 

Width 

(mill 

Exact 
richness 
of  Foil 
(mil' 

Load  at 
Shear 
Failure 
(lb) 

Stress  Is 
Foil  at 
Shear 

(kai) 

Average  or  Most 
Representative 
Stress  in  Foil  at 
Shear 
(kai) 

CS13-5 

28,5 

10.6 

495. 0 

— 

93.5 

21*5 

10.6 

493.  *1 

93.1 

93.3 

CS21 7 

24.5 

20.7 

483.0 

90.1 

28.5 

11.3 

528.0 

93.1 

91.8 

CS217C 

28.0 

10  3 

549.0 

106.6 

41.0 

'0.8 

639.0 

118.3<iMC 

106.6 

CS217E 

22,0 

11.1 

449.0 

81,0 

19.0 

)0  - 

492.0 

94.5 

87.8 

CS217F 

30.0 

11.5 

r*0,0 

94.0 

25.0 

10.6 

482.0 

62.4 

93.2 

CS217G 

41.0 

10.5 

505.0 

96.4 

27.5 

10.6 

505.0 

95.3 

95.8 

CS217I 

15.0 

10.7 

515.0 

96.1 

15.0 

10.4 

470.0 

80.5 

93.3 

RMS 

36.0 

11.3 

3*7.2 

61.5 

37.0 

10.6 

392.0 

74.1 

67.8 

RM12 

20.5 

10.4 

S1S.0 

99.6 

30.5 

10.4 

549.0 

105.2 

102.1 

RMS3 

20.5 

10.45 

358.0 

66.6 

28.6 

10.3 

362.0 

75.8 

72.2 

RM23 

r,  rW 

10.4 

257.6 

49.4 

33.5 

11,1 

369.6 

66.6 

66.6 

RM26 

17,5 

11,0 

348.0 

63.4 

18.6 

11.1 

381.0 

68,6 

66.0 

RM40 

22.5 

10.6 

374.0 

70.5 

22.0 

10.7 

370.0 

69.2 

89.8 

RM42 

16.6 

11.0 

392.0 

71.2 

20.5 

10.8 

336.0 

62.4 

66.8 

RM44 

34. 5^ 

10.7 

224.0 

42.7 

25.5 

10.4 

372.0 

70.8 

70.8 

RM22 

23.5 

10.6 

328.0 

61.9 

31.5 

10.6 

310.0 

59.6 

80,7 

Ag-SAl 

20.0 

12.0 

_ 

425.6 

70.9 

_ 

20.0 

11.5 

459.0 

79.9 

75.0 

1.  Marginal  fillet  formation. 


overlaps.  The  other  CS  series  alloys  developed  slightly  lower  foil  stresses  at  shear 
failure  in  the  range  of  87,  800  to  95,  800  psi,  but  substantially  greater  values  than  the 
standard  silver  braze  (75,000  psi)  and  the  other  RM  series  alloys  (60, 700  to  72, 200  psi). 
The  RM22  alloy,  with  the  lowest  observed  flow  temperature  (1380  F),  actually  had  the 
lowest  foil  stress  for  failure  by  shear  (60, 700  psi). 

Selection  of  Most  Promising  Candidates 

Viewing  all  of  the  candidate  braze  alloys  and  screening  tests  In  perspective, 
two  alloys  appeared  outstanding  on  the  combined  bases  of  the  highest  and  most  consistent 
test  values  for  all  tests.  They  were  CS217C  and  RM12.  The  following  eight  braze 
alloys,  also  showing  considerable  promise,  were  transferred  as  candidates  for  Task  V 
testing. 


.  CS217 

•  RM8 

•  CS217C 

.  RM12 

* 

•  CS217F 

•  RM26 

•  CS217G 

•  RM40 
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3, 4. 5  Summary  of  Task  IV  -  Braze  Optimization  Studies 
Effect  of  Sait  Spray  Exposure  Upon  T-Joint  Bend  Toughness  (RT) 

Because  of  the  overriding  importance  of  corrosion  resistance,  0. 006-inch 
foil  (Ti~5Al~2.5Sn)  T-joint  brazements  of  the  candidate  alloys  were  subjected  initially 
to  salt- spray  conditioning  (5%  NaCl,  200  F,  100  hours).  Braze  joints  made  of  RM1, 
RM23,  RM26,  RM28,  RM32,  RM44,  CS217E,  and  CS217F  exhibited  tendencies  toward 
braze  cracking  during  bend  toughness  tests  prior  to  salt  spray.  The  salt  spray  con¬ 
ditioning  did  not  aggravate  these  tendencies.  Only  RM40  and  CS217I  brazements 
appeared  more  prone  to  in-braze  era*,  ng  following  salt-spray  exposure.  The  re¬ 
mainder  of  the  candidate  braze  alloys: 

•  CS13-5 

.  CS217 

*  CS217C 

*  CS217G 

•  RM8 

.  RM12 

*  RM33 

•  RM42 

showed  no  cracking  tendency  in  the  bend  toughness  testing  (i.e. ,  neither  as-brazed  nor 
after  salt  spray  exposure).  Of  equal  significance,  no  metallographic  evidence  of 
birtZe/foil  interface  corrosion  (crevice-type)  or  general  bre  9  corrosion  was  observed 
within  any  of  the  candidate  alloy  brazements. 

In  contrast,  T-joints  braze  with  Ag-lOSn  and  Ag-5Al-0.2Mn  (baseline 
specimens)  fell  apart  on  removal  frc. .  the  salt  spray  cabinet  following  exposure 
times  as  ihort  as  15  hours. 

Effect  of  Salt  Spray  Exposure  Upon  T-Joint  Strength  (RT) 

Tensile  tests  of  braze  T-joints  at  room  temperature  (both  as-brazed  and 
after  100  hours  salt  spray  exposure)  developed  promising  results  for  most  corrosion- 
resistant  braze  candidates.  The  highest  strengths  (range  ox  ~  50  to  150  ksi)  were 
generated  consistently  by  CS13-5,  CS217,  CS217C.  CS217F.  CS217G,  RMS.  HMi 2. 
RM26,  and  RM40.  Data  scatter  in  this  range,  both  before  and  after  salt  spray,  was, 
in  many  cases,  widespread  due  to  the  marginal  notch  toughness  of  the  as-brazed 
structures  and  the  natural  geometric  stross  raisers  inherent  in  the  T-joint  specimen 
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design.  Specimens  failed  predominantly  within  the  braze.  In  spite  of  these  factors, 
the  better  candidate  braze  alloys  exhibited  more  than  double  the  average  T-joint 
strength  of  the  baseline  silver-base  braze  specimens  (as-brazed  condition).  After 
salt-spray  conditioning,  the  silver-brazed  specimens  were  so  badly  corroded  that 
lesting  was  impossible. 

Single  Lap-Joint  Tensile  Tests  (RT) 

The  2t  to  4t  overlap,  lap-joint  specimens  also  produced  interesting  strength 
data  at  room  temperature.  It  was  found  that  overlaps  exceeding  4t  (i  .  e. ,  -'0. 040  inch) 
invariably  resulted  in  base-metal  foil  failure  At  controlled  overlaps,  in  the  range 
2t  to  4t,  specimen  failure  occurred  by  tensile  shear  through  the  braze.  However,  it 
was  found  that  braze  fracture  was  initiated  at  a  near  constant  foil  3tress  value 
(regardless  o*  .verlap  area)  rather  than  at  a  constant  shear  stress  value.  The  inference 
drawn  was  that  fracture  initiates  at  a  limiting  stress  in  .he  braze  fillet  or  braze  af¬ 
fected  foil  immediately  adjacent  to  the  joint,  triggering  subsequent  notch-induced  shear 
failure  through  the  braze  joint  interface.  Hence,  lap  shear  test  data  were  recorded  in 
terms  of  foil  stress  at  specimen  failure. 

The  candidate  braze  alloys  CS217C  and  RM12  developed  the  highest  average 
lap-shear  strengths  (viz. ,  39,200  and  43,200  psi,  respectively,  related  to  foil 
stresses  of  106,000  and  102,000  psi  respectively).  These  levels  of  shear  strength 
were  considered  adequate  for  titanium  foil  brazements,  and  undoubted!  reflect  loth 
the  influence  of  braze  intermetallic  strenci-hening  and  the  buttressing  effet  of  the 
braze  fillets  at  small  overlaps.  The  baseline  silver  braze  strength  was  75,  000  psi 
(foil  stress). 

Peel  Resistance  and  Strain  Accommodation  Tests 

Special  screening  tests  to  appraise  the  interface  peel  resistance  and  strain 
accommodation  capability  of  candidate  braze  alloy*  showed  the  good  applicability  of 
titanium- zirconium  base  systems.  In  the  double-lap  joint  peel  tests,  the  soft,  tough 
silver-base  braze  alloy  and  two  CS  senes  alloys  with  naturally  spheroidized  be ry Hides 
(as-brazed)  exhibited  the  highest  potentials  of  peel  resistance  (viz. ,  Ag-5Al-0. 2Mn 
with  an  average  failure  load  of  1390  pounds /inch  of  braze  line:  and  CS217F  and  CS217I 
with  maximum  failure  loads  of  1151  pounds/inch  and  1160  pounus/inch,  respectively). 
Hn—ever,  the  following  alloys  with  (previously  determined)  superior  corrosion  resis¬ 
tance,  strength  and  bend  toughness  yielded  good  average  values  of  }>eel  resistance  of 


650  pounds/inch  or  greater,  many  with  better  reproducibility:  viz. ,  CS217  CS217C, 
RMS,  RM40  and  RM12,  The  CS217C  alloy  with  an  average  peel  resistance  level  of 
840  pounds/inch  gave  the  best  performance  of  this  latter  group. 

The  strain  accommodation  test  was  unique,  in  that  it  was  developed  specifically 
to  determine  whether  or  not  braze  alloys  with  a  high  proportion  of  high-modulus  second 
phase  ca  wii  stand  strains  equivalent  to  the  yield  strains  of  the  substrate  foils.  A 
thin  veneer  (<  0. 001-inch  thick)  of  each  candidate  alloy  was  brazed  discontinuously 
along  the  centerline  surface  of  the  10-mil,  Ti-6A1-4V  foil  tensile  specimens  of  vary¬ 
ing  (tapered)  width.  The  foil  and  braze-interface  strains  on  subsequent  tensile  loading 
then  were  in  ersely  proportional  to  the  specimen  width,  so  that  the  minimum  actual 
strain  at  which  b  aze  or  braze/foil  interface  ('racking  occurred  could  be  determined 
through  microscopic  examination.  The  best  strain  accommodation  was  provided  by 
those  braze  alloys  which  cracked  only  et  the  highest  levels  of  strain. 


Fortunately,  almost  all  the  belter  braze  alloy  candidates  in  previous  tests 
shewed  capabilities  of  accommodating  total  strain:  higher  than  that  corresponding  to 
the  0.2  percent  y  eld  strain  for  the  base  foils  (i.e. ,  approximately  8,400  micro 
i  /in.  at  1 35,  000  psi).  Assuming  a  predominantly  elastic  stress/strain  relation, 
the  better  candidate  .dloys  for  strain  accommodation  are  listed  below: 


Minimum  Strain  at 
Incipient  Braze  Cracking 
Alloy  Designation  (micro  in.  /in.  > _ 


CSl  3-5 

lvMi2 

CS2«7 


9650 

9260 

9060 


RM40 
CSS  1 7C 

CS21VG 

CP217F 


8875 

8475 

8320 

8290 


RMh 


8090 


Overt:  1  Pe rtormance  in  Sc rcen i ng  Tests 

Two  candidate  bra^e  alloys  (CS217C  and  RM12)  consistently  warranted 
superior  ratings  cn  all  screening  tests  of  Task  TV.  The  braze  alloys,  CS217,  CS217F. 
(  $2170,  as  well  as  RMS,  RM26,  and  RM40  also  displayed  good  tc  superior  ratings  on 
most  screening  tests  and,  together  with  RM12  and  CS217C.  wei  e  selected  for  more 
advanced  testing  in  Task  V. 
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-0.006  TO  0.010 


FIGURE  25.  -t  YPICAL  ?- JOINT  SPECIMEN  FOR  METALLQG1  \PriY  A.  1 
END  TEST'S 
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FIGURE  26.  TYPICAL  T-JOINT  SPECIMEN  FOR  TENSILE  TES7  S 


T~l 

0.S  INCH! 


>OVtH 


•JLAF  'to  0.020  TO  0.C-4C  INCH 


S  INCHES  — 1 


MATERIAL:  Program  alloy  ^otls;  0.010-inch  thick 


FIGURE  2''.  TYPICAL  LAP-JOINT  SPECIMEN  FOR  SHEAR  TESTS 
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FIGURE  28.  TYPICAL  DOUBLE  LAP-JOINT  SPECIMEN  FOR  PEEL  TESTS 


BRAZE  ALLOY  SPREAD  DISCONTINU  JUSLY  ALONP.  CENTER  UNE 


0.75  IWon  •" 

T — 

'  1 . 25  INCHES 

i 

♦ 

0.5  INCH 

t 

09  000090000000 

oo®ooo 

_ L 

0.25  INCH 

7 

■ 

FOIL  MATERIAL:  TI-6A1-4V  (0.010  Inch) 

FIGURE  29.  TYPICAL  STRAIN  ACCOMMODATION  SPECIMEN 
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Titanium -base  braze  alloys  propr> rcci 
for  preliminary  braze  screening  lasts. 
The  braze  alloy  "heat"  button  is 
crushed  to  pi  ovine  a  small  sample  f\.r 
flow  test. 


FIGURE  33. 

TITANIU  '-BASE  BRAZE  ALLOY 
MELTS 


Titanium  foil  T-joints  used  for  braze 
alley  screening  tests.  Characteristics 
which  are  identified  include  wetting, 
flow,  filleting  behavior,  structural 
compatibility  and  substrate  metal 
erosion. 


FIGURE  34. 

TITANIUM  FOIL  T-JOINT 
SPECIMENS  FOR  BRAZE 
ALLOY  SCREENING  TESTS 
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FIGURE  38.  SCHEMATIC  DIAGRAM  OF  THE  LABORATORY  BRAZING  FURNACE 


JltV  ^  ? 

v  f  i*  ■  -  >*„  y  ■ 

./  •'  •  -vr  •  i  l 

Z ,  1  I  \  £  ** 

r . Vv  .  JE.I 

jh;v  .  >'■':■# 

-V V  -V  ..‘viA  ■ 

S  .  •/.*  j»>; 


Braze  Alloy:  i i-0.  :)7Cu-n.  OHc 
Draw  Temperature.  1800  F 
Etchant:  K  roll's 
Magnification:  1 00X 


FIGURE  4] . 

TYPICAL  Ti-.SAl-  ?.5Sn  FOIL 
T-JOINT  BRAZED  IN  VACUUM 
WITH  Ti-9.57Cu-5.6Be  ALLOY 


Hia^e  Atio> :  T!-8.  (AMn-5.  OBe 

Braze  Temperature:  ISfiO  E 
Etchant:  Kroll's 
Magnification:  IX 


Figure  42. 

TYPICAL  Ti-5Al-2.5Sn  FOIL 
T-JOINT  BRAZED  IN  VACUUM 
WITH  Ti-8.  (ifiMn-f).  GRt*  ALLOY 


«*:.■%  Hfctex. *2 


Braze  Alloy:  Ag-OAi-O.  2Mn 
Braze  Temperature:  1700  F 
Sait  Spray  Exposure:  72  Hours 
Magnification:  2. 5X 

Extorsive  crevice  corrosion  resulted 
in  complete  separation  ...  the  foil 
components.  Corrosion  was  concen¬ 
trated  along  the  interface  between  the 
braze  and  the  bottom  foil  surface. 

FIGURE  49. 

TYPICAL  Ti-5Al-2.  5Sn  FOIL 
T-JOINT  BRAZED  IN  VACUUM 
WITH  Ag-5Al-0.  2Mn  ALLOY 
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FIRST  HCN  * 


WEIGHT  PEKCKVT  OF  ZIRCONIUM  IN  THE  Tl-Zr-.'v  ,•■!?.  BRAZE  ALLOY 

FIGURE  44.  MELTING  TEMPERATURE  VERSUS  WEIGHT  PERCENT  ZIRCONIUM 
IN  Ti-47.?Zr~5.GBe  BRAZE  ALLOY 
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r.r.i/r  ! 

Sait  Sou; 

it  !  u 

!■  1 1  Iraji* : 

K  roll's: 

M.u.oii  j  ir 

:ii  ion  ■  !<) 

I!  :I1  I 
:•  Ilnurs 


l'l's/r  Alloy:  Ti-:i.  ■>/,!■■  :>.  lille 
Hr.i.'.i'  T- ■  m j »;■  ran  r ,  !  !;2i:  '  • 
S.'il  S|>r:i\  K\|iii.sun  :  72  Hours 
l‘  t <  hatil :  rrol":' 

M  i )  •*  -i I  ion:  !  On  X 


_  -  »> 

I  ‘  i*  ’*  /I'-  .'  f 

I.".1 ,  •; v- .  -  ■  ■, q  ^„v-  -1 

I. 

5:'  i *So  .‘»  -r' 


•  ’V  '  ..  ' 


Hr.-i/.c  Allot  :  Ti-  1  h.  «r/r  -n.  on, 
Jiruzo  T»‘miR'raHm>:  into  I-' 
Suit  Spray  H.\|Kisurr:  72  Hours 
rtrliant:  k:  oil's 
Mupnifif.Ulon :  i  [id  \ 

Set-linn  Through  Kesitlut' 


rJv’  ’•I  F.'ff&M 


FICIIJHK  Lr>.  TYPICAL  Ti-5Al-2.5Sn  FOIL  'r -JOINTS  BRAZED  IN  VACUUM 
WITH  CANDIDATK  BRAZE  ALLOYS  (Shoot  1  of  3) 


Braze  Alloy:  CS  21 7C  (5%  A!) 
Braze  Temperature:  l^OO  F 
Etchant:  Kroll's 
Magnification:  100  X 


FIGURE  47. 

BRAZE  SCREENING  TEST  WITH 
CS217C  BRAZE  ALLOY 


Braze  Alloy:  CS  217G  (2%  Si) 
Braze  1'emperf  ture :  1680  F 
Etchant:  Kroil's 
Magnification:  100X 


FIGURE  48. 

BRAZE  SCREENING  TEST  WITH 
CS2I7G  BRAZE  ALLOY 


121 


I 


'.'rare  Al!<>\:  l  S  2171  (!l.  li  Cui 
Braze  Temperature;  K>20  F 
Eleh.'nt:  Kroli'S 
Magnification:  100  X 


FIGURE  49. 

BRAZE  SCREENING  TEST  WITH 
CS217I  BRAZE  ALLOY 


Braze  \Ho> :  CS  21  "E  (5v  Nit 
Kraz0  Temperature:  1000  f 
Kt chant:  Kroll’s 
Magnification;  100  X 


FIGURE  50, 

BRAZS  SCREENING  TEST  WITH 
CS217E  BRAZE  ALLOY 


r- 1 


Braze  Alloy:  CS  21 7E  (5%  Co) 
raze  Temperature:  1620  F 
Etchant:  Kroll’s 
Magnification:  100  X 


fa 


FIGURE  51. 

BRAZE  SCREENING  TEST  WITH 
CS217F  BRAZE  ALLOY 
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Bra/.e  A  liny:  I1M  s  (Ti  -  ■):>./.  r- 1  :‘Ni-2Ue) 
lira. a-  Temper 'attire:  i  ! 70  F 
S;ilt  Spray  Kxposuro:  ill  limit's 
Etchant:  Kroll’s 
Mar'.iiieation:  100  X 
No  ap|>arcnt  corrosion: 

Screening  braze  join*  with  RM  8  alloy 
(T i  — SUX r- 5 2N i -2 Ho>  after  11!  hours 
in  salt  spray 


FIGURE  53. 

BRAZE  SCREENING  TEST  WITH 
RMS  BRAZE  ALLOY 


IVniixM  attire:  Hkjl*  r 


Sait  Spray  K\pt>i>ure:  )  1  !  Hours 


Fitrhant:  Kr oil's 


Magnification:  100  \ 


No  apparent  eivroston. 


FIGURE  52. 


BRAZE  SCREENING  TEST  WITH 
RM1  BRAZE  ALLOY 


Bt a/c  Alloy:  RM  12  (Ti~  157,r-8.  ONi-2.  OBe) 

Braze  Temperature:  1050  F 

Salt  Spray  Exposure:  114  Hours 

F.  tenant:  Krolrs 

Magnification:  100  X 


BRAZE  SCREENING  TEST  WITH 
RM12  BRAZE  ALLOY 


FIGURE  54  . 
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Braze  Alloy:  P.M  28  (Tl-43Zr-13Ni-  lOAg) 
Braze  Temperature:  1620  F 
Etchant:  Kroll'G 
Mollification:  100  X 


FIGURE  55. 

BR4ZE  SCREENING  TEST  WITH 
RM28  BRAZE  ALLOY 


Braze  Alloy:  BM  40  (Ti-20Zr-8Ni-5Be) 
Braze  Temperature:  IV 00  F 
Etchant:  Kroll's 
Magnification:  100  X 


FIGURE  56 , 

BRAZE  SCREENING  TEST  WITH 
RM40  BRAZE  ALLOY 


Braze  Alloy:  RM  26  (Ti-16.  9N1-3. 9Be-2.  0S1) 
Traze  Temperature:  1660  F 
Etchant:  Kroll's 
Magnification:  250  X 
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FIGURE  57. 

BRAZE  SCREENING  TEST  WITH 
RM26  BRAZE  ALLOY 


8 


I  j  !:■ 


Center  foil  only  was  plated  on  both  sides  with 
0.065  mil  Ni-iOP.  Test  sample  was  heated 
for  30  minutes  at  I  it  2  5  F.  Note  ihe  completely 
transformed  structure  in  the  center  foil  and 
the  partiaiiv  transformed  structure  in  the 
braze  affected  area ■ 

Magnification:  100  X 


Brazing  was  accomplished  at  1825  F  for  30 
minutes  in  vacuum  of  less  than  1  x  10~4Torr. 
Note  the  duplex  structure  near  the  braze  joint 
and  the  single  phase  structure  in  the 
adjacent  area. 

Magnification:  250  X 


rC.  >'.v. 


Brazed  joint  with  0.065  mil  Ni-iOF  coating  on 
center  foil  only;  brazed  in  vacuum  at  1725  F 
for  5  minutes.  Note  the  formation  of  a  1.2  mil 
intermetallic  compound  layer  with  no  apparent 
transformation  of  the  structure. 

Magnification:  250  X 


FIGURE  58.  BRAZE  SCREENING  TEST  WITH  0.  075-MIL.  Ni-lOP  PLATED  SPECIMEN 


Magnification:  250X 


FIGURE  59.  BRAZE  SCREENING  TEST  WITH  0.15-MIL,  Nt-lOP  PLATED  SPECIMEN 


U ntrans formed  foil  (a  ) 
(3.6  mils  thick) 
lr,c  5  minutes 


Widmanstatten  structure 
(a  +f} )  ( 1 . 2  mils  thick) 


N!-P  braze  coating 
(0, 15  mils  thick) 


Untransformed  foil  ( a ) 
(2.4  mils  thick) 

1  1775  F,  5  minutes 


,  Widmanstatten  structure 
’(a+jj)  (1.8  mils  thick) 


F oil  completely  transformed 
Widmanstatten  structure 
(a  )  (6  rnilii  thick) 

1800  F,  5  minutes 
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Bra z.o  Cracked 
Magnification:  100  X 


I 


FIGURE  60. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  RM44  ALLOY 


Braze  and  Braze  AlTeelei. 
Koil  Cracked 

Magnification:  100  X 


FIGURE  61. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  UM23  ALLOY 


Smail  Braze  Cruet's 
Magnification:  100  X 


FIGURE  62. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  RM26  ALLOY 
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Braze  Cracked 
Magnification:  100  X 


Small  Braze  Cracks 
Magnification:  100  X 


FIGURE  63. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  CS217E  ALLOY 


’  .V  ■ 

L  1 

■"  '  *■/  ■  7*  1 

■  -  Jv  ' \v  •  '  ■  ’ 

1  .  •  V  .  i  '  • 

!:•.  'i  ■  ' 

* 

■  •  V  .1  \  ...'  . 

1  '  \  -.*•  1.  «  • 

I  ‘  V 

f  \  , 

!  ** ..  ,f 

•:..T 

I 

1  -  v  • 

•  .j  '  /+  - 

oV"'; 

.  •  A  3,/V 

r 

-  *>  ■ 

* 

•*  K' 

*  >* 

FIGURE  64. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  CS217F  ALLOY 
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FIGURE  65. 

r -JOINT  BEND  TEST,  BRAZED 
WITH  RM4 0  ALLOY 
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FIGURE  69. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  CS217  ALLOY 


X  C-nck 

Magnification:  100  X 


*$  .« i 


FIGURE  70. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  CS217  ALLOY;  After 
100-Hour  Salt  Spray  Exposure 
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FIGURE  71. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  RM*  ALLOY.  After 
1 00-Hour  Salt  Spr  >.y  Exposure 
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FIGURE  73. 

T-JOINT  BEND  TEST,  BRA/ ED 
WITH  CS217G  ALLOY;  After 
100-Hour  Salt  spray  Exposure 


FIGURE  72. 

T-JOINT  BEND  TEST,  BRAZED 
WITH  CS217C  ALLOY;  After 
100-Hour  Salt  Spray  Exposure 


3.5  TASK  V  -  EVALUATION  OF  BRAZE  SYSTEMS 


On  the  basis  of  excellent  toil  brazing  characteristics  and  performance  in 
special  brazemeni  strength,  toughness,  strain  accommodation  and  salt-corrosion 
tests,  the  eight  braze  a  loys  listed  in  Table  XXXV  were  selected  for  farther  evalua¬ 
tion  and  study 

TABLE  XXXV 


ALLOYS  SELECTED  FOR  STUDY  AND  EVALUATION  IN  TASK  V 


~ ~ — 

Braze  Alloy 
!  Designation 

— 

Nominal  Composition  (wt  %) 

Minimum 

Braze 

Temperature 

(F) 

?i 

'  Zr  1 

Be 

Co 

Si 

|  CS217 

Balance 

47.5 

5,  00 

— 

1 

-- 

1640 

C3217C 

Balance 

45.1 

4.75 

— 

5.0 

— 

— 

1700 

CS217F 

Balance 

45.1 

4,75 

— 

5.0 

— 

1620 

CS217G 

Balance 

4G.  6 

4.90 

— 

— 

-- 

2.0 

1680 

RM8 

Balance 

43.0 

2.00 

12.0 

— 

-- 

— 

1470 

RM12 

Balance 

45.9 

2.00 

8.0 

— 

— 

— 

1660 

RM26 

Balance 

3.90 

16.9 

— 

— 

2.0 

1660 

RM40 

Balance 

20.0 

5.00 

8.  0 

__ 

— 

— 

1700 

Of  these  eight  alloys,  prior  screening  tests  at  room  temperature  showed 
two  braze  alloys  (CS217C  and  RM12)  to  Le  out  tending  from  an  overall  viewpoint 
(highest  and  most  consistent  test  results  in  all  tests). 

Task  V  of  Phase  I  was  designed  to  provide  a  much  broader  evaluation  of  the 
eight  best  candidate  braze  alloys  screened  from  Task  IV.  All  program  alloy  foils 
were  employed.  .Lap-joint  shear  tests  were  conducted  (-320  to  800  F)  upon  candidate 

alloy  brazements  initially  in  the  as-brazed  condition  and  following  thermal  aging  periods 

-5 

of  100  hours  at  1000  F  in  high  vacuum  (1. 0  x  10  Torr).  The  objective  was  to  de¬ 
termine  thermal  stability  effects  upon  structure  and  degree  of  strength  retention  of 
candidate  alloy  brazements.  A  statistical  survey  was  made  of  both  T  -joint  and  lap- 
joint  strengths  (room  temperature)  to  measure  the  joint  strength  reproducibility 
for  degree  oi  data  scatter)  of  the  marginally  tough  brazements;  especially  as  influ¬ 
enced  by  post-braze  heat  treatments  devised  to  improve  toughness  and  strength  re¬ 
producibility.  Subsequently,  lap  shear  tests  were  conducted  over  the  broad  tempera¬ 
ture  range  of  -320  F  to  800  F  or  900  F  on  both  tiu  as-brazed  specimens  and  specimens 
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given  the  best  post-braze  heat  treatment  determined  above.  These  tests  provided  base¬ 
line  design  strength  data.  Additional  stability  tests  were  programmed  to  evaluate  the 
effects  of  salt  spray  exposure  (100  hours,  200  F)  on  lap-joint  strengths  over  the  test 
temperature  range  of  -320  F  to  800  F  or  900  F.  A  similar  test  regime  evaluated  the 
effects  of  air  oxidation  (100  hours,  1000  F,  static  air}.  The  air  oxidation  data  were 
compared  directly  with  the  previously  mentioned  thermal  stability  data.  The  advantages 
of  post-braze  thermal  treatment  became  very  evident  by  this  stage  ao  that  post-braze 
heat  treatment  became  a  significant  variable  in  developing  these  test  data.  Task  V 
testing  was  concluded  with  special  lap-joint  tests  to: 

•  Gage  relative  susceptibility  of  candidate  alloy  brazements  to  hot  salt 
stress  corrosion  (encrusted  NaCl  in  oxidizing  atmosphere  at  1000  F, 
constant  foil  stress  levels  of  10,  000  and  20,  000  psi). 

•  Measure  comparative  stress-rupture  lives  of  candidate  brazements  in 
an  oxidizing  atmosphere  at  1000  F.  The  30,000  psi  foil  stress  level 
employed  was  selected  to  yield  a  minimum  100-hour  rupture  life 
(Ti-5Ai-2.  5Sn  foils).  Self-diffusion  bonded  specimens  were  employed 
for  baseline  data. 

•  Gain  information  on  the  relative  abilities  of  candidate  alloy  brazements 
to  withstand  cyclic  loading.  A  series  of  tension-tension  fatigue  tests 
was  conducted  at  room  temperature  using  a  sine-wave  excitation  with 
frequency  of  70  cps  and  a  fixed  alternating  stress/mean  stress  ratio  of 
1.  0.  Tests  were  carried  out  to  the  range  of  1 0^  to  106  cycles.  All 
lap-joint  fatigue  specimens  were  made  of  0.  010-inch  Ti-5Al-2-  'JSn  f'nls, 
with  a  controlled  0.  020-  to  0.  040-inch  overlap,  as  in  ail  previous  lap 
shear  specimens.  Self-diffusion  bonded  specimens  were  also  tested  to 
develop  baseline  fatigue  data. 

At  the  conclusion  of  this  study,  the  field  of  candidate  braze  alloys  was  nar¬ 
rowed  to  the  four  best  for  final  evaluation  in  fabrication  and  testing  of  Phase  II 
structures. 

3.5.1  Thermal  Stability  Testing 

The  objective  of  the  thermal  stability  testing  was  to  determine  the  effects  of 
pro’ 'aged  service  or  aging  time  at  the  maximum  anticipated  service  temperature 
(1000  F)  on  brazement  strength  and  structure.  Thermal  stability  tests  were  conducted 
on  the  eight  candidate  braze  alloys  (Ti-6A1-4V  foils).  Lap  shear  test  specimens  of 
each  braze  alloy  were  exposed  at  1000  F  for  100  hours  in  high  vacuum  (1. 0  x  10  Torr) 
prior  to  lap  shear  testing  at  -320  F,  room  temperature,  and  800  F.  (Tests  were  con¬ 
ducted  at  800  F  in  argon  atmosphere  to  eliminate  possible  contamination  effects. )  Test 
results  were  augmented  by  metallographie  examination  and  microhardness  determinations 
on  small  Ti-5Al-2.5Sn  and  T1-6A1-4V  foil  T-  joints,  which  were  aged  similarly. 
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TABLE  XXXVI 

THERMAL  STABILITY  TEST  RESULTS,  LAP-SHEAR  TESTS 


(lull 

After  Aging  at  1000  F  for  Idl  llmtrs  in  Vacuum 
(6  a  10~*D.-m  Hg) 

Braze  Alloy 
and  CompooUio* 

At  itoom 

Temperature 

At  800  > 

.At  >320  F 

At  9w» 
Temperature 

At  900  F 

At  -320  F 

CS217 

Tt  -47.  ?7r-SBe 

104.4,  100,0, 

*9.2 

90.3,  86,4 

11«.5(".  82.8 

113.3,  97.8 

100.0,  96.! 

m.i,u 

Average 

101.2 

88.6 

96.4 

108.3 

98.0 

129.0 

CS217C 

Tt-40.  ,2?-4.  Y5Bc-r>Al 

104.7,  66,(5 

98,8,  93.1 

llO.o’1*, 

99,6,  63,0 

90.4,  78.3 

122  8**1,  1U.6(,) 

Are rage 

25.6 

96.0 

i;s.l 

68.3 

84.3 

117.0 

C8217F 

IV 45.  l  Zr-4.  ?5Be~>5C\i 

96.2,  3,2 . 0 

73,6,  6*  .  5 

i04.  2,  103.4 

89.  L  S6-9 

94.3,  61.6 

127.  o'*1.  107,0 

Average 

13.5 

74.0 

103.6 

86.0 

77.9 

117.8 

CS217G 

Tl~4d.flZF-4,80Be'2Sl 

103.5,  97.7 

37.'*,  82.8 

m.o 

103..  3,  100.9 

96.7,  83.2 

117. o"*,  72.0 

Average 

100.6 

85,1 

112.3 

lOl.t? 

90,0 

94.6 

RM8 

71  -43  Zr-I2KI>;  3e 

85.3,  87.4 

83.1,  63.1 

110. r  4.6 

09.8,  66.0 

88.6,  74.6 

118. S11;  102.8 

Average 

SS.O 

62,7 

109.3 

02.9 

81.6 

109.6 

oaf  12 

TX~4hZr~8m-2Se 

\  86.9 

97.4,  62.8 

K.!1",  113.  6 

86.5  72.4 

70.4,  69  9 

1X2.0,  90,7 

Aronge 

80.0 

».S 

115  2 

79.9 

78.6 

101.3 

RM20 

Ti-l6.2Ni-3.3Bt 

78.1,  63,2 

71.6,  32.4 

100.5,  61.8 

91.3,  46.0 

70.6,  61.2 

70.3,  46,2 

Average 

63.7 

61.9 

76.1 

66.9 

66.9 

62.2 

RM40 

Ti-20*r-eNi-5Be 

73.lt,  66.6 

47.0,  46.5 

36.6,  36.4 

68.0,  67.0 

67. f,  62.8 

73.1,  44.5 

A  TtrtH 

64. 9 

46.8 

— 

34.fi 

_ 

78.6 

. 

66.3 

66.8 

I  I  1.  kgodflea  fatlwrc  occurred  la  bras* -affected  foil  rather  Hmm  the  Joint.  in  *U  other  Instance#,  failure  oocured  in  joint. 


The  lap  shear  specimens  of  Ti-SA1>4V  were  composed  of  0.  01 0-inch  thick 
foils  approximately  0. 5-inch  wide  and  with  a  typical  overlap  of  about  0.  020-inch. 

The  braze  schedule  consisted  of  vacuum  brazing  twelve  such  specimens  for  each  of 
the  eight  candidate  braze  alloys  and  testing  as  follows- 

•  Two  specimens  tested  as-brazed  at  room  temperature 

•  Two  specimens  tested  aa-brazed  at  800  F  in  argon 

•  Two  specimens  tested  as-brazed  at  -320  F  in  liquid  nitrogen 

Six  specimens  were  aged  at  1000  F  for  100  hours  in  vacuum  (1.0  x  10  Torr) 
and  then  tested  as  follows: 

•  Two  specimens  tested  at  room  temperature 

•  Two  specimens  tested  at  800  F  in  argon 

•  Two  specimens  tested  at  -320  F  in  liquid  nitrogen 

Lap  Shear  Test  Results 

The  data  from  lap  shear  testing  (Table  XXXVI;  Figures  77  and  78)  indicated 
that  no  significant  degradation  in  average  strength  (>320  F.  room  temperature,  and 
800  F)  developed  as  the  result  of  the  1000  F  vacuum  aging  treatment  for  the  following 
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braze  alloys:  OS217,  CS217C,  CS217F,  and  CS217G.  The  single  exception  was,  a 
15  percent  reduction  in  strength  for  the  CS217G  alloy  at  -320  t.  In  fact,  vacuum 
aging  appeared  tc  have  improved  strength  of  the  CS217  alloy,  particularly  at -320  F 
(an  average  increase  of  -  30  percent)  as  shown  in  Figure  77.  Maximum  strength 
levels  for  the  CS  series  alloys  were  moat  frequently  observed  at  the  lowest  test 
temperature  (-320  F). 

The  PM  series  alloys  reacted  somewhat  differently  to  1000  F  vacuum  aging 
(Table  XXXVI  and  Figure  78).  Except  for  a  curious  drop  In  room  temperature 
strength  post  aging  (~  35  percent),  the  RMS  alloy  showed  no  change  in  strength  at 
-320  and  800  F  resulting  from  aging.  Vacuum  aging  pioduced  directly  the  opposite 
effect  on  the  strength  of  RM12  alloy.  Average  room  temperature  strength  of  F,M12 
did  not  change,  but  joint  strengths  at  -320  and  800  F  dropped  11  percent  and  26  per¬ 
cent  respectively,  after  1000  F  agir.g.  Braze  strength  levels  for  RM8  and  RM12  (i.e. , 
those  unaffected  by  aging)  compared  favorably  with  corresponding  levels  of  the 
CS  series  alloys.  In  contrast,  the  remaining  two  RM  alloys  (RM26  and  RM40)  yielded 
appreciably  lower  strength  values  with  generally  greater  scatter  in  data  for  both  the 
as-brazed  and  the  vacuum- aged  conditions,  i.  nee,  RM26  and  RM40,  which  were 
included  to  evaluate  effects  of  the  reduced  zirconium  content,  were  screened  out  at 
this  point.  It  has  been  hoped  that  the  lowered  zircon! _  .  content  would  benefit  braze 
toughness  and  stability  in  the  RM  series  through  reduction  of  the  Sntermotallic  content 
and  through  an  increased  tendency  o  form  equilibrium  beta  transformation  product? 
on  cooling  from  the  braze  process. 

In  summation,  the  CS217,  CS217C,  and  CS217F  braze  alloys  exhibited  best 
overall  strength  retention  after  100  F  aging.  The  six  candidate  braze  alloys.  CS217, 
CS217C,  CS217F,  CS217G,  as  well  as  RM8  and  RM12,  were  recommended  for  further 
study  in  Task  V  because  of  their  generally  satisfactory  performance  in  thermal 
stability  testing. 


jss  Studies 


Small  T-joints  of  T1-5A1-2.5V  and  Ti~6AMV  foils  (0.006-inch  thick)  wet* 
brazed  in  argon  by  holding  at  minimum  flow  temperatures  for  5  minutes.  They  were 
then  aged  at  1000  F  for  100  hours  in  vacuum.  Minimal  foil  erosion  waa  found  as 
anticipated  from  previous  teats.  Micro  structures  of  brazed  joints  after  1000  F  aging 
exhibited  more  uniform  distribution  of  intermetallica  duo  to  thermal  diffusion  and 
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TABLE  XXXVH 

MICROHARDNESS  DETERMINATION  OF  BRAZE  ALLOYS,  THERMAL 

STABILITY  TESTS 


- 

Hardness  As  Brazed  (R^) 

Hardness  After  Aging  At  1000  F 
For  100  Hours  (Rc) 

Braze  Alloy 

Braze  Matrix 

Intermetalllcs 

e 

CS217 

1 

51*0  to  52,0 

71.0 

52.0  to  53.0 

DZ  to  34.0  to  39.0 

69.0 

% 

CS217C 

52.0  to  66.0 

— 

53.0  to  56.0 

DZ  44.0 

— 

CS217F 

46.0  to  51.0 

68.0 

54.0 

DZ  to  43.0 

66.0 

CS217G 

51.0  to  53.0 

66.0 

49.0  to  53.0 

DZ  to  33.0 

— 

RM8 

53.0 

— 

15.0  to  56.0 

DZ  to  38.0 

60.0 

m 

RM12 

60.0  to  62.0 

— 

44.0  to  60.0 

DZ  38. 0 

| 

— 

• 

RM26 

— 

— 

55.0  to  57.0 

DZ  31.0 

— 

| 

JRM40 

47.0 

— 

DZ  to  37.0 

64.0  to  C3.0 

D 2  Dignifies  braze/foil  diffusion  sons. 


homogenization  effects.  Coalescence  and  spheroid!  zation  of  int*  r  metallic  particles 
were  apparent  for  all  aged  brazes,  especially  for  the  CS21?  and  CS217F  alloys  shown 
in  Figures  79  and  80.  No  significant  hardness  changes  !n  the  CS  series  braze 
structures  were  observed  after  aging  at  1000  F  tor  100  hours  (Table  XXXVII).  A 
moderate  softening  of  the  braze  matrix  was  noted  for  the  RM8  and  RM12  oUovs 
resulting  from  1000  F  vacuum  aging. 

3.5.2  Reliability  Teste 

The  objective  of  reliability  testing  was  to  obtain  a  statistical  measure  of 
strength  data  reproducibility  tor  the  six  remaining  candidate  braze  alloys. 
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TABLE  XXXVm 

RELIABILITY  TESTING  OF  BRAZE  ALLOYS,  LAP-SHEAR  SPECIMENS 


Braze  Alloy 

_ 

— 

FoU 

(10  mil  thick) 

Ae-Brezad 

A*  Cyclic  Aanoalad  for  4  Houra*1* 

““1 

increase  1 
In  Average  j 
FoU  Stress 
j»t  Failure^) 

i'*\  I 

- . .  i 

Aveng* 

FoU 

tkr***  >t 

Failur* 

(k«l) 

Number 
at  Dits 
Point* 

Standard 

Deviation 

Sand  aid 
Deviation 

ft) 

Average 

FoU 

8tr**a  at 
FaUur* 
(kit) 

Number 
of  Data 
Points 

Standard 

Deviation 

Standard 

Deviation 

iV 

4A1-4V 

85.5 

mm 

6.9 

7.2 

102.8 

5 

12.6 

12.3 

1 

7.7  j 

5A1  -2.3Sn 

108.6 

9.0 

4.6 

129.1 

5 

16.1 

12.5 

10.9 

S.Vl-lMo-'V 

106.8 

1.3 

6.1 

— 

- 

— 

— 

-- 

6A1-4V 

107. T 

6 

10.3 

9.6 

119.6 

5 

10.4 

4.4 

11.2  j 

SA1-2.58*! 

104.0 

5 

8.3 

8.0 

120.2 

5 

8.7 

7.3 

15.6  ! 

SAl-lMo-lV 

109.3 

3 

13.6 

12.fi 

— 

- 

-- 

CS217F 

6A1-4V 

97.8 

7 

6.3 

6.5 

113.1 

5 

4.1 

3.8 

15.6  | 

5A1-2.58B 

99.5 

4 

3.7 

3.7 

116.9 

4 

10.8 

i.i 

17.5  j 

SAl-lUo-lV 

98.2 

5 

4.4 

4.5 

— 

- 

-- 

— 

C32imJ 

«a!-4V 

100.9 

6 

3.2 

106.0 

5 

12.2 

11.3 

5.1  ! 

SAl-2.oSn 

110.4 

4 

5,5 

3.2 

115.5 

4 

16.4 

14.2 

4.5  | 

8AI-IM0-IV 

tt.O 

5 

18.4 

11.1 

— 

- 

— 

— 

! 

RMS 

4A1-4V 

85.1 

7 

1.8 

4.5 

78.1 

4 

i.» 

3.7 

-- 

5Al-2.38n 

04.9 

5 

6.6 

7.9 

11.7 

3 

10.8 

13.3 

— 

8AI-IM0-1V 

•4.7 

8 

6.2 

4.4 

— 

- 

— 

— 

i 

RM12 

4A1-4V 

130.  tt 

4 

*.« 

«.i 

88.0 

4 

7.4 

*.» 

{ 

3A1-2.3SO 

94. 8 

4 

4. « 

4.9 

75.8 

♦ 

4.65 

4.3 

—  ■ 

8AI-IU0  IV 

100.3 

5 

7.0 

7.0 

— 

- 

-- 

i 

1  Total  Number  -A  D*t>  Point 

h - - - 1 - 

_ 

96 

51 

_ 

1.  Cyclic  Annealing  Treatment:  For  CS  Sen,.  Knit  Alloys  For  RMS  nnd  RM12 


1330  F  •  10  mtnutee  1400  F  -  10  minute* 

1100  F  -  10  mlante*  1300  F  -  10  mfasutee 

Oepeat  (or  4  boor*  Repeat  (or  4  hour* 

2.  Our  to  Cyclic  Annealing 


Reliability  tests  were  conducted  using  brazed  lap  shear  specimens  of  the 
candidate  braze  alloys  in  the  as-brazed  condition  and  after  experimental  cyclic 
annealing  treatment.  The  six  braze  alloys  evaluated  were  CS217,  CS217C.  CSS17F, 
CS217G,  RM8  and  RM12.  Lap  shear  specimens  of  Ti-6A1-4V  and  Ti-^Al-S.  5Sb  foil* 
(both  0. 010-ineh  thick)  were  used  with  a  typical  overlap  of  0. 020-inch.  Testing  was 
conducted  at  room  temperature.  Ten  data  points  for  foil  stress  values  at  shear 
failure  (five  from  the  T1-6A1-4V  specimens  and  five  from  the  T1-5A1-2.  SSn  specimens) 
were  obtained  for  each  braze  alloy  in  both  the  as-brazed  condition  and  srter  cyclic 
annealing.  This  amounted  to  20  data  points  for  each  braze  alloy  or  a  grand  total  of 
120  data  points .  Later,  the  Tl~8Al~lMo-  V  foil  braze menta  in  the  as-brazed  condition 
were  tested  to  bring  the  grand  total  to  ISO  data  points.  Statistical  variance  in  foil 
•trees  values  at  braze  failure  was  calculated  (Table  XXXViH)  and  found  to  be  within 
reasonable  limits  for  the  as-brazed  condition  (I.  e. ,  standard  deviation  expressed  in 
percent  of  the  average  strength  £10  percent).  The  ooly  brazements  which  exceeded 
the  10  percent  figure  (as-brazed  condition)  were  the  combination  CS217C/8A1  IMe-lV 
(12. S  percent)  and  CS217G/8A1-1M&-1V  (12. 8  percent).  statistical  reliability  «c 


i*eproducibility  of  joint  shear  strength  was,  for  most  braze/foil  combinations,  con¬ 
sidered  satisfactory.  The  data  obtained  were  referred  to  as  baseline  data  for  all 
subsequert  subtasks  of  Task  V. 

A  preliminary  investigation  of  cyclic  annealing  was  carried  out  on  the  fame 
six  braze  alloys  by  k  >  shear  testing.  The  CS  seritJ  alloys  first  were  cyclic  annealed 
in  vacuum  between  1550  and  1300  F  for  four  hours.  Improvement  in  mean  foil  stress 
values  due  to  cyclic  annealing  was  appreciable  for  the  CS  series,  and  included  7.  7  to 
18.  9  percent  with  CS217,  11. 2  to  15.6  percent  with  CS217C  (5  percent  Al),  and  15.6 
to  17.  5  percent  with  CS217F  (5  percent  Co).  The  RMS  and  RM12  alloys  were  cvelio 
annealed  in  vacuum  between  1200  and  1400  F  for  four  hours,  but  mean  strength  values 
dropped.  Unfortunately,  the  primary  objective  of  cyclic  annealing  (to  improve  braze 
strength  reproducibility)  was  not  achieved  in  most  cases.  The  data  contained  in 
Table  XXXVIII  show  that  in  8  out  of  12  instances  data  scatter  and  percent  standard 
deviation  actually  increased  because  of  ihe  specific  cyclic  anneal  used.  In  iust  one 
instance,  however,  the  same  cyclic  anneal  not  only  reduced  percent  standard  devia¬ 
tion  significantly  (6.  5  to  3.  6  percent',  but  served  also  to  increase  average  brazement 
strength  by  15.6  percent  (viz.  Ti-6A1-4V/CS217F).  The  inference  drawn  was  that  a 
specific  foil/braze  combinat  ,  requires  a  specitic  cyclic  annealing  treatment  tailored 
lo  meet  desired  property  objectives.  It  was  decided,  therefore,  to  explore  and 
evaluate  a  wide  variety  oi  possible  cyclic  annealing  treatments,  to  define  suitable  ones 
empirically.  The  six  vacuum  cyclic  anneals  evaluated  with  Ti-5Al-2.5&i  foils  and 
CS217C  braze  alloy,  employing  T-joint  tensile  and  lap  shear  tests  are  listed  in 
Table  XXXIX. 

As  always,  the  main  objective  of  cyclic  annealing  was  to  improve  reliability 
and  reproducibility  of  braze  strength  through  braze  structure  alteration  (i.e. .  by 
spheroldization  of  eutectic  and  pro-eutectic  be ry Hides  and  stabilization  of  the  titanium- 
zirconium  terminal  solid  solutions) . 

Very  promising  results  were  obtained  with  cyclic  anneal  "F‘  (Table  XXX DO 
for  lap-sbear  and  T-joint  test  configurations  and  waa,  therefore,  used  throughout  the 
program.  This  cycle  produced  an  Increase  in  average  room  temperature  strength  of 
about  12  percent  for  brae*  shear  joints  ami  about  a  *2  percent  tact  ease  for 
T- joints.  It  also  r*d'  d  the  '  .dues  of  standard  deviation  by  30  ** rcent  (lap-shear) 
and  56  percent  (T-  \n  *.  evious  work,  appreciably  greater  scatter  in  the  foil 


TABLE  XXXIX 
EFFECTS  OF  CYCLIC  ANNEALING  ON  CS217C  ALLOY 


La 

p  Shear  Tests 

T-joint  Tensile  TwSta 

Cyole 

Average 

Stress 

Standard 

Deviation 

(0) 

Standard 

Deviation 

(%) 

Average 

Stress 

Standard 

Deviation 

(o) 

Standard 

Deviation 

<%) 

An  Braxed 

8.3 

8.0 

108.2 

11.5 

BQH 

1550  F-10  min 

A  4  OAf)  vp  1 A  ^1. 

«*.  W  *  M4«M 

4  hours 

120.2 

8.7 

7.3 

Bfl 

B  1650  F-2  hrs 
1300  F-2  hrs 

110.7 

5.9 

5.3 

104.5 

25.4 

24.4 

1550  F-10  min 
C  1300  F-10  min 

1  hour 

113.4 

8.8 

7.7 

119.5 

19.6 

16.3 

1550  F-10  min 
D  1000  F-10  min 

1  hour 

111.4 

8.8 

8.0 

109.4 

13.4 

12.3 

1550  F-10  min 
E  1300  F-10  min 

8  hour* 

102.6 

4.5 

4.3 

105.6 

10.3 

9.7 

1650  F-10  min 

F  1460  F-10  min 

1  hour 

116.8 

5.7 

4.9 

119. 7 

8.1 

4.7 

value*  for  specimen  failure  had  been  observed  wftb  T-joint*  then  with  lap- 
•he*r  joint*.  However,  following  cyclic  anneal  ”F*\  the  standard  deviations  for  both 
joint  type*,  were  found  to  be  nearly  equivalent  {via. .  4. 7  percent  versus  4. 9  percent). 
Thi«  relation  indicated  a  marked  improvement  in  joint  toughness  and  reliability.  The 
average  foil  -trees  value*  at  failure  for  both  lap- shear  and  T-joint  tests  were  high 
t>  toe  typical  foil  yield  strength  of  ~  115,000  pel)  and  irqghjy  the  same.  This 
stsfgestod  tost: 

•  foist  failure*  is  both  lap-shear  and  T-joiat  test*  may  be  initiated  at  a 
minimum  foil  strain  (vis. ,  —  $660  micro  Inch/ Inch  in  the  ne-hrased 
condition  *-  7700  micro  inch/ inch  after  cyclic  anneal  An 

Indicated  in  Tablet  XXXI.  XXXII,  and  XL,  proper  cyclic  annealing  pro¬ 
vides  significantly  higher  strain  accommodation  ability . 


TABLE  XL 

FOIL  STRAIN  FOR  FAILURE  OF  CS217C  BRAZE  AL^OY 

Average  foil  strain  for  failure 
(micro  in. /in.) 

Lap  Shear  Test  T-joint  Tensile  Teat  Average 

As  brazed  with 

CS217C  6500 

Cy  clic  Annealed 
1550F  10  min 

1450 F  10  min  7300 

Repeat  1  hour 


•  The  marginally  tough  braze  alloy  CS217C  (as-brazed  condition)  is 
capable  of  producing  very  tough  and  strong  titanium  foil  brazements 
with  proper  cyclic  annealing  treatment  (post-braze). 

The  fact  that  cyclic  anneal  "F"  required  only  one  hour  of  heat  treatment  or 
furnace  time  wtts  important  from  considerations  of  production  feasibility  and  minimiza¬ 
tion  of  interstitial  conuminants. 

Metallographic  examinat  in  (optica!  microscopy)  of  cyclic  annealed  braze 
structures  revealed  extensive  spheroid!  zatirn  of  both  eutectic  and  primary  beryilidea, 
the  apparent  reason  behind  the  improvements  in  brcze  strength  and  reliability  (Fig.  t*l 
and  82).  Subsequent  examination  using  high  magnification  electron  microscopy  (Fig.  83) 
confirmed  the  indicated  spheroid) ration  of  bery  Hides.  The  Deal  example  of  the  re¬ 
markable  change  in  braze  structure  afforded  by  cyclic  annealing  is  that  of  the  i  raze 
alloy  CSl5-r  (CS217  eutectic)  shown  in  Figures  84  and  85,  (CS13-5  la  closely  related, 
both  chemically  and  structurally,  to  C83J7  and  C8217".  >  The  electron  macrographs 
(Fig.  84)  reveal  the  finely  spaced,  lamellar  eutectic  structure  of  the  as- bra  zed  con¬ 
dition.  Cyclic  annealing  completely  altered  the  eutectic  structure,  transforming  the 
be ry lllde  lamellae  or  plates  into  finely  dispersed  spheroids  as  well  as  partially 
spheroid! zing  massive  primary  bery Hides  (Fig.  85).  SUch  a  structure  change  logically 
should  prove  beneficial  to  braze  toughness,  reliability,  sad  notch  insensitivity. 


In  addition,  the  structure?;  *jf  the  braze-affected  zones  for  the  cyclic  annealed 
CS217C  brazements  were  shown  to  differ,  depending  upon  the  program  foil  alloy  used. 
For  Ti-5Al-2.  5Sn  foils,  the  structure  apparently  consists  of  a  very  fine  dispersion  of 
spheroidal  alpha  phase  in  a  matrix  of  metastable  beta  (Fig.  86,  87,  and  88).  For 
Ti-6A1-4V  foils,  the  resultant  structure  is  the  Widmanstatten  or  martensitic  type 
(Fig.  89  and  90).  Both  braze-affected  structures  were  characterized  by  rather  high 
hardness  levels  (R^  39.  0  to  44.  0)  indicative  of  undesirable  beta  transformation 
products  (Fig.  86  and  89).  A  recommended  supplemental  study  aimed  at  obtaining 
stable  equilibrium  structures  in  both  the  braze  and  braze-affected  zcnen  of  braze¬ 
ments  was  directed  to  the  sponsor  at  this  juncture.  In  essence,  the  approved  study 
was  set  up  to  obtain  stronger,  tougner,  and  metallurgical!}'  more  stable  braze 
structures  through  determination  of  optimum  post-braze  thermal  treatments,  employ¬ 
ing  both  cyclic  annealing  and  isothermal  aging. 

3.  5.  3  Tensile  Tests  of  Brazemc. 

The  objective  of  extensive  tensile  testing  of  candidate  alloy  brazements  was 
to  determine: 

•  The  variation  of  foil  stress  for  failure  of  lap-shear  braze  specimens  with 
temperature  in  the  range  of  -320  to  800  F  (Ti-SA1-4V  and  T1-5A1-2.  SRn 
foils) 

•  The  relative  scatter  of  lap- shear  strength  levels  at  specific  test  tempera- 
tures  in  the  as-brazed  condition 

Lap-shear  specimens  TI-5A1-2.  5Sn,  Ti-6A!-4V\  and  Ti-8Al-lMo~l  V 
(each  0.  GlCMnch  thick)  were  used  with  the  six  candidate  alloys.  Testing  was  done  in 
the  temperature  range  of  -320  to  200  Fas  follows 

•  At  -320  F  in  liquid  nitrogen 

•  At  -100  F  in  methyl  alcohol  and  dry  ice 

•  Elevated  temperature  testing  at  300.  500.  and  eOO  F  iu  an  ar^on 
atmosphere 

Four  data  points  were  obtained  at  each  of  the  test  temperatures  for  each 
brat*  alloy  The  actual  and  average  foil  stress  values  at  joint  failure  are  plotted  in 
Figures  91  and  92  for  each  teat  temperature.  The  plotted  results  at  testing  candidate 
braze  alloys  using  lap-shear  specimens  of  Ti-5Ai-2» 5Sn  foil  and  also  uniaxial  tensile 
date  for  the  T1-5A1-2.  S8n  foil  itself  is  shown  in  Figure  *1 .  and  Figure  9?  shows  the 
plotted  results  of  testing  candidate  braxo  alloys  using  lap-shear  specimens  of 


TABLE  XLI 

AVERAGE  STRENGTH  OF  BRAZE  ALLOYS/Ti-5A?-2.5Sn  FOIL 


Average  ’oil  Street  (for  failure  in  lap  shear  tests)  in  ksi  at  Various 

Braze 

Test  Temperatures 

J 

Alloy 

_ -320F 

-100F 

75 

F 

3^fL. 

500F 

800F  I 

B 

S 

B 

B 

s 

B 

B 

B 

CS21/ 

96.4 

46.5 

95.6 

108.6 

103.8 

84.3 

74.6 

72.6 

— 

52.8 

!  CS217C 

87.  < 

72.6 

85.4 

104.0 

107.1 

81.4 

81.6 

72.0 

62  •  i. 

I  CS2 1 7  F 

88.3 

87-3 

81.4 

99.5 

92.x 

79.4 

64.3 

65.7 

68.6 

CS217G 

i 

98.9 

89.3 

96.2 

110.5 

If"  ' 

81.4 

73-6 

67.5 

67.5 

!  RM8 

79.0 

91.1 

78.4 

84.3 

5  7.1 

66.3 

619 

59.0 

86.4 

;  RM12 

99.1 

105.1 

90.9 

94.8 

90.6 

91.1 

75.9 

68.  ' 

78.8 

i 

-  T1-5A1-2. 5Sn 

180.0 

119.0 

72.0 

foil 

i 

i 

B  -  As  Brazed 

} 

! 

S  -  After  100  hours  salt  spray  expooure 

| 

| 

l 

.J 

TI-6A1-4V  foil  and  alio  uniaxial  tensile  data  for  the  T1-6A3-  *v  itself.  Baseline  data 
for  Ag-5AI~G.  2Mc  brare  specimen*  are  presented  in  Figure  33  for  comparison 
purposes. 

live  average  foil  stress  values  (for  failure  in  lap  shear  teat t)  at  different 
test  rsperstuics  are  tabulated  in  Table  XL!  (for  specimens  of  T>-5A1~2. 5Sn  foil) 
and  Table  XLU  (for  specimens  of  T1-6AI-4V  foil). 

Over  the  descending  temperature  range  of  8C9  F  to  room  temperature,  all 
bras#  apecimen  strength*  generally  increased  systematically  with  decreasing  tempera¬ 
ture;  from  about  60  to  70  kai  (Tt-$A1~2. 5Sb)  or  80  to  90  ksi  (Ti-eAMV)  at  800  F  to 
about  85  to  H0  kst  (both  foil  alloys)  at  room  temperature.  This  partem  of  tnercaa- 
Ing  strength  chth  decreasing  temperature  parallels  reaeonably  well  with  that  exhibited 
by  both  base  alloy  ftPta  in  uniaxial  tensile  test#  over  the  same  temperature  range. 


TABLE  XLH 

AVERAGE  STRENGTH  OF  BRAZE  ALLOYS/Ti-6Ai-4V  FOB, 


Braze 


Average  Poll  Stress  (for  failure  in  lap  shear  tests)  is  ksi  at  Various* 
.Test  Temperatures 


B  -  As  B.>  &zed 

S  ~  After  100  hours  salt  r*nvy  exposure 


Alloy 
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-100F 
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F 
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B 
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B 
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CS217 
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95.5 

77.5 

95.  C 

77.5 

92.6 

77.0 

CS217C 

112.0 

59.0 

94.9 

107.7 

87.1 

98.7 

93.5 

97.2 

76.7 

C3217F 

97.4 

91.6 

93.4 

97.8 

84.4 

85.3 

77.8 

77.2 

C8217G 

79.9 

77.6 

100.9 

79.4 

82.4 

87.3 

79.6 

72.3 

RMS 

110.  t 

75.6 

83.2 

86.1 

68.3 

83.6 

77.9 

80.7 

71.4 

RM12 

106.5 

78.8 

54.8 

100.0 

94.2 

83.4 

80.4 
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76.5 
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- 

- 
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- 

- 

- 
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Two  noteworthy  exceptions  to  the  stated  strength  levels  were  observed. 

First,  CS217C  brazements  made  with  TI-6A1-4V  foils  proved  strongest  at  800  F 
(•—  97  ksi)  while  maintaining  the  best  overall  profile  of  strength  over  the  range  of 
room  temperature  to  800  F.  Second  RMS  with  the  lowest  braze  temperature  (1470  F) 
exhibited  the  lowest  strength  profile  over  the  vaxne  temperature  range,  developing 
oiuy  —85  ksi  at  room  temperature.  The  TL-8A1-4V  foil  specimens  brazed  with 
Ag-hAi-0. 2Mn  yielded  strength  levels  comparable  to  the  better  Ti-Zr  ease  braze 
§i!cys;  however,  the  braze  foil  comb, nation  Ag-5A1~0. 2Mn/Ti~oAl-2. 5Sn  produced 
decidedly  inferk  strengths  (Fig.  93). 

With  but  one  exception,  all  braae/foii  combinations  underwent  what  appeared 
to  be  some  form  of  due  tile- brittle  transition  phenomenon  between  room  temperature 
and  -100  F  (between  -ICO  and  -320  F  for  C8217/T1-6A1-4V).  This  situation  was 
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evidenced  by  a  definite  drop  or  stabilization  in  specimen  strength  with  decreasing 
temperature  in  the  cryogenic  temperature  range  but  of  varying  degree,  depending 
upon  both  the  braze  alloy  and  the  foil  base  alloy.  Maximum  strength  losses  (usually 
between  room  temperature  and  -100  F)  of  15  to  20  k*i  were  common  with  the  CS  series 
alloys  on  Ti-SAl-2. 5Si  folk,  but  this  loss  was  reduced  to  5  to  10  ksi  on  T1-6A1-4V 
foils  (the  single  exception  being  CS217G  with  a  maximum  22  ksi  strength  drop).  The 
RM  Beries  alloys  exhibited  considerably  less  tendency  toward  strength  reduction 
(-3-5  ksi  losses  with  Ti~5Al-2„  5Sn  foils);  in  fact,  RMS  with  Ti-6A1-4V  foils  expe¬ 
rienced  progressively  increased  joint  strength  below  room  te  nperature ,  as  did  the 
base  metal  foils  themselves  in  uniaxial  tests.  On  the  other  hand,  the  RM12  alloy  with 
Ti-6Al-4V  foils  dropped  10  ksi  in  joint  strength  between  room  temperature  and  -100  F. 

Fxom  the  viewpoint  of  minimizing  ductile-brittle  transition  behavior  in  the 
as-brazed  condition,  the  following  braze  alloys  appeared  most  desirable- 

•  Ti-5Al~2.5Sti  foils:  RM8,  RM12 
«  Ti-6A1-4V  foils:  RM8,  CS217F,  CS217C,  RM12 

At  -S20  F,  lap-joint  specimens  brazed  with  any  of  the  candidate  braze  alloys 
failed  at  a  foil  stress  about  half  the  uniaxial  tensile  strength  of  the  base  metal  foil  at 
-320  F  (for  specimens  of  both  Ti-5Al-2. 5Sn  and  Ti-6A1-4V  foils).  In  addition,  tfte 
scatter  in  foil  stress  values  at  -100  or  -320  F  was  higher  than  at  room  temperature 
for  all  six  candidate  braze  alloys.  Research  efforts,  therefore,  were  directed  to¬ 
ward  increasing  the  strength  and  reliability  cf  brazed  joints  at  cryogenic  temperatures, 
principally  through  continued  cyclic  annealing  experiments. 

The  exact  cause  of  the  strength  reductions  and  greater  data  scatter  at 
cryogenic  temperatures  was  not  clear,  but  it  was  felt  that  a  possible  contributory 
cause  might  be  the  lap-shear  specimen  geometry  itself.  This  was  studied  by  testing 
self-diffusion  bonded,  lap-shear  specimens  (no  interleaf  or  braze).  Specimens  bonded 
with  a  thermal  cycle  simulating  a  typical  braze  cycle  (1650  F,  5  min,  5000  psi)  showed 
no  signs  cf  ductile  -brittle  transition  and,  furthermore,  failed  at  high  toil  stress  levels 
nearly  identical  to  those  obtained  in  uniaxial  tensile  tests  (Figs.  92,  93,  and  94).  This 
evidence  virtually  acquitted  the  geometry  factor  as  a  primary  cause  of  braze  strength 
reduction  and  scatte.  at  cryogenic  temperatures. 

A  more  probable  cause  was  structural  instability  of  the  braze  alloy  matrices 
and/or  braze- affected  base  metal  which  conceivably  could  produce  undesirable  beta 


transformation  products  upon  holding  at  cryogenic  temperatures.  It  was  felt  that  this 
could  explain  why  strength  reduction  was  usually  most  pronounced  at  -100  v,  and  why 
strength  recovery  was  frequently  noted  at  -320  F  (e.  g, ,  through  quench  suppression 
of  beta  phase  transformation) .  It  was  hoped  that  post-braze  heat  treatment,  such  as 
cyclic  annealing  and/or  isotherm”1  aging,  would  minimize  or  eliminate  the  problem 
by  providing  a  stable  structure. 

3.5.4  Cyclic  Annealing  S1  dies 

The  objective  of  this  study  was  to  determine  whether  or  not  cyclic  annealing 
can  reduce  or  eliminate  the  following  adverse  effect"  noted  in  tensile  testing  of  the 
as-brazed  condition: 

•  Ductile-brittle  transition  behavior  in  the  cryogenic  temperature  range 

<5  More  scatter  in  the  foil  stress  to  produce  braze  failure  at  cryogenic 
temperatures  than  at  room  temperature 

In  addition,  the  potential  for,  cyclic  annealing  to  increase  the  strength  of  brazements 
at  various  test  temperatures  was  investigated. 

Only  the  CS  series  braze  alloys  were  evaluated  in  cyclic  annealing  studies. 
This  was  done  for  the  following  reasons: 

•  To  this  point,  no  satisfactory  cyclic  anneal  had  been  obtained  for  RM8 
and  RM12  braze  alloys.  (The  effect  of  an  isothermal  (1200  F)  stress- 
relief  anneal  on  tensile  properties  of  RM  series  brazements  was 
investigated  in  this  phase,  however.) 

•  Ductile-brittle  behavior  in  the  cryogenic  temperature  range  was 
generally  more  pronounced  for  CS  series  braze  alloys  than  for  RM8 
and  RM12. 

The  TI-5A1-2. 5Sn,  T1-8A1-1MO-1V,  and  T1-6A1-4V  foils  (0.010-inch  thick) 
were  used  in  the  cyclic  annealing  study.  Cyclic  anneal  ”F"  (Table  XXXDQ  was 
employed.  This  empirically  derived  cyclic  anneal  HF"  \  as  xuund  to  benefit  strength, 
reliability,  and  toughness  properties  for  C8217C/T1-5A1-2. 5Sn  lap-shear  brazements 
in  prior  tests  at  room  temperature. 

Lap-joint  shear  specimens  of  T1-8A1-4V,  Ti-SAl-JMo-lV,  and  Ti-5Al-2.5Sn 
foils,  each  about  6. 010-inch  thick  and  0. 5-inch  wide  were  used.  Typical  overlap  was 
0. 20  inch.  Lap-chear  testing  of  T1-6A1-4V  and  T1-5A1-2. 5Sn  brazements  (cyclic 
annealed)  was  carried  out  at  room  temperature,  -320  F  in  liquid  nitrogen,  -100  F  in 
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TABLE  XLD3 

AVERAGE  STRENGTH  OF  CS  SERIES  BRAZE  ALLOYS/T1-6A1-4V  FOIL 
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methyl  alcohol  plus  diy  ice,  and  at  800  F  in  argon.  Cyclic  annealed  Ti-8Al-lMo-lV 
brazements  were  tested  at  -320  F,  -100  F,  room  temperature,  300,  500,  800,  and 
900  F  in  argon.  The  Ti-8Al-lMc—lV  brazements  in  the  aB-brazed  condition  also  were 
tested  at  room  temperature  to  generate  baseline  strength  data.  Other  Ti-8Al~lMo-lV 
brazements  made  with  RMS  and  RM12  braze  alloys  were  tested  over  the  same  -320  to 
900  F  temperature  range  to  determine  the  possible  benefits  of  an  isothermal  stress- 
relief  anneal  (1200  F,  0. 5  hour,  high- vacuum  environment).  Two  to  four  data  points 
were  obtained  at  each  test  temperature. 

Metaliographic  examination  of  all  foil  T-Joints  of  every  braze/foil  combina¬ 
tion  was  ci..  "  :cted  in  the  following  conditions: 

•  Condition  1  -  As-brazed  at  the  minimum  flow  rature  for  5  minutes 

•  Condition  2  -  As- cyclic  annealed  (post-brazing) 

T1-6A1-4V  and  Ti-8Al-2,58n  Foil  Brazements 

Actual  and  average  foil  stress  values  (T1-8A1-4V  end  T1-5A1-2. 58n  foils) 
for  lap  shear  failure  of  the  four  CS  series  braze  alloys  (CSB17,  C 821 70,  CE117F, 
and  C8217G)  at  & e  various  test  temperatures  are  plotted  in  Figures  95  and  96. 

(These  curves  may  be  compered  directly  with  Figure  91  and  98  for  the  as-brazed 
condition. )  The  average  foil  stress  values  for  failure  of  the  four  candidate  braze 
alloys  at  various  test  temperatures  are  given  also  In  Table  XL®  and  XLTV.  These 
tables  also  Include  percent  change  in  average  foil  stress  values  das  to  cyolic  anneal¬ 
ing  at  the  various  test  temperatures. 
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The  average  Ti-*8Ai~lMo-lV  foil  stress  values  for  failure  of  brazed  lap 
joints  in  the  cyclic  annealed  condition  at  various  test  temperatures  (-320  to  900  F) 
are  listed  in  Table  XLV  along  with  the  room  temperature  test  results  for  candidate 
alioy/Ti-8AMMo~lV  brazements  in  the  as-brazed  condition.  Degradation  in  strength 
of  RM8  and  RM12  brazements  was  observed  at  room  temperature  due  to  1200  F  stress 
relief  treatment.  Therefore,  study  of  post-braze  treatment  for  RM  series  alloys 
was  suspended,  and  the  strength  of  RM8  and  EMI  2  brazements  was  evaluated  in  the 
as-brazed  condition  over  the  entire  temperature  range  of  -320  to  900  F.  These 
values  are  included  in  Table  XLV.  The  foil  stress  values  at  brazement  failure  versus 
test  temperature  for  the  CS  series  brazements  are  shown  in  Figure  97;  Figure  98 
shows  the  RM  series. 

The  single  cyclic  anneal  evaluated  definitely  improved  the  cryogenic  braze 
strength  patterns  for  most  CS  series  alloys.  First,  no  trace  of  cryogenic  ductile- 
brittle  transition  behavior  (i.  e. ,  as  evidenced  by  an  anomalous  drop  in  strength  ith 
decreasing  test  temperature)  was  observed  for  the  following  combinations:  CS217G/ 
T»-8A1-4V,  CS2lfC/Ti-«AMV.  and  CSS.17G/TI-5A1-2. 58u.  Second,  the  same  cycUc 
anneal  lowered  the  observed  ductile /brittle  transition  temperature  range  from  be¬ 
tween  room  temperature/-!  00  f  (as-brazed  condition)  to  -100/-320  F  on  the 


TABLE  XLV 

LAP-SHEAR  TEwi  RESULTS,  TI-8AI-IM0-IV  BRAZFMENTS 
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C8217/TI-5A1-2. 58h  brazement.  Data  scatter  at  cryogertlc  temperatures  was  re¬ 
duced  by  cyclic  annealing  for  cerUin  foil/braze  combinations  (notably  CS217  J/ 
T1-6A1-4V,  C8217F/T1-6A1-4V,  rS217C/Tl-8Al-4V,  and  CS217G/Ti-5Al-2.  S&rt. 
but  the  remaining  four  combinations  still  exhibited  considerable  scatter.  In  the 
category  of  bran  strength  improvement,  cyclic  annealing  provided  significant 
improvements  in  strength  (typically  10  percent  increases)  in  12  eases  out  of  a  possible 
32  (foil/braae/  test  temperature  combinations),  while  causing  s  significant  decrease  in 
strength  (>10  percent  reduction)  in  only  six  cases.  The  brase  alloys  CS217,  C8217C. 
and  CS217F  benefitted  the  most  from  cyclic  annealing.  a  speed  ally  on  Ti-SAl-2.  SSL 
foils.  The  following  tabulation  illustrates  tbs  point: 


Percent  Strength  Improvement  Sue  to  Cyclic  Annealing 
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As  shown  in  Tables  XLGI  and  XLIV,  and  Figures  95  and  96,  a  given  cyclic 
annealing  treatment  definitely  can  induce  different  effects  upon  different  braze/foil 
combinations.  The  inference  again  was  strong  that  eacn  foil/braze  combination  of 
interest  has  its  very  own  optimum  cyclic  anneal  which  must  be  tailored  to  it  through 
study  and  experimentation. 

Ti-8Al-lMo-lV  Foil  Prazements 

The  percent  improvement  in  average  foil  stress  values  at  room  temperature 
for  the  CS  series  alloys/Ti-8Al-lMo-lV  brazements  due  to  cyclic  annealing  is  shown 
in  Table  XLV  and  is  summarized  as  follows: 

•  CS217  =  18.6  percent  improvement 

•  CS217C  *  3.6  percent  improvement 

•  CS217F  -  30. 6  percent  improvement  (maximum  response) 

•  CS217G  =  18.  8  percent  improvement 

Thus,  the  CS217F  alloy  exhibited  the  maximum  increase  in  room  tempera- 
tv  e  strength  due  to  cyclic  annealing  and  as  shown  in  Figure  99,  the  alloy  also  showed 
the  maximum  tendency  for  beryllide  spheroidization  due  to  cyclic  annealing.  It 
seemed  reasonable  to  assume  the  two  observations  were  related. 

Stress  relief  treatment  (1200  F  for  30  minutes)  of  the  RMS  and  RM12  braze¬ 
ments  resulted  in  varying  degrees  of  degradation  of  strength  over  the  temperature 
range  -320  to  900  f  (Fig.  98).  The  percent  decrease  in  average  foil  stress  for 
failure  of  the  RMS  and  RM12  alloys  at  various  test  temperatures  due  to  stress  relief 
is  given  in  Table  XLV.  This  decrease  varied  between  13  and  33  percent  for  RMS  and 
between  2  and  17.  S  percent  for  RM12.  The  noted  stress  relief  treatment  was  Urns 
detrimental  to  both  RMS  and  RM12  bra  foment  strengths. 

In  general,  braze  strength  Increased  with  decreasing  test  tempersture  (the 
expected  pattern!  for  the  cyclic  annealed  CS  eerie s  brazements.  Minor  dips  in  braze 
strength  for  C8211C.  CS217F,  and  CS217Q  between  room  temperature  and  -320  F 
were  Aerproted  as  evidence  of  a  still  active  ductile /brittle  transition  phenomenon 
related  to  brtze  matrix  instability  in  the  cryogenic  temperature  range.  JtwaoteR 
that  a  better  (experimentally  determined)  cyclic  annealing  and  aging  treatment  could 
eliminate  title  problem  and  generally  improve  stability,  strength,  and  toughness  of 
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TABLE  XLVI 


SUMMARY  OF  CYCLIC  ANNEALING  EFFECTS  ON  CS  SERIES 
BRAZE  ALLOY/ FOIL  COMBINATIONS 
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these  brazemev.ts  ft  cryogenic  temperatures.  Fortunately,  the  Ti-RAl-lMo-lV 
brmmcnts  made  with  the  CS217  alloy  responded  very  well  to  the  particular  cyclic 
anneal  used,  yielding  the  highest  average  braze  strengths  recorded  in  the  program 
tor  any  lap-shear  brazement  over  the  temperature  range  ol  -320  to  900  F.  No 
ductile/ brittle  behavior  was  observed  with  C8217  after  cyclic  annealing. 

doth  KM  aeries  alloys  also  yielded  interesting  strength  levels  in  the  as-brazed 
condition,  but  strength  variations  with  test  temperatures  were  quite  anomalous 
{indicating  some  form  of  structural  instability).  Again,  it  is  probable  L«u  proper 
post-brazc  heat  treatment  would  be  capable  of  eliminating  the  anomalies. 

Summary  of  Cyclic  Anna&ling  Effect* 

A  summary  of  the  cyclic  annealing  effrcU  on  the  CS  series  alloys/foil  c«*u- 
bination  are  shown  in  Tah!«  XLVI. 

3.5.5.  Environmental  Stability  Teste 

The  objective  os  the  estvironmmtnl  r  lability  testa  was  to  determine  relative 
sensitivities  of  the  candidate  alky  brasepMrala  to  p^notially  r*  ctiva  service  environ- 
meats  such  an  aalt-walsr  sprr.y  f200  F>.  a it  «*ridatfcw»  (1000  F),  and  encrusted'  hot 
salt  la  sxoees-'OKygen,  Serbia*  eahuast  ga»«s  ;1000  ft.  Ma ny  studies  have  been  cited 


in  the  literature  on  the  hazardous  nature  of  these  environments  (Ref.  94  through  101). 
The  effects  of  each  environment  on  braze  stability  are  discussed  individually  in 
succeeding  paragraphs. 

Salt  Spray  Corrosion  Tests 

Lap-shear  specimens  of  Ti-5Al-2.5Sn  and  T1-6A1-4V  foils  (both  0.010-inch 
thick)  in  the  as-brazed  condition  were  exposed  to  salt  spray  at  200  F  for  100  hours 
(NaCl  =  5.0  wt  %).  After  the  salt  spray  exposure,  the  specimens  were  cleaned  and 
tested  at  -320  F  (in  liquid  nitrogen),  room  temperature,  and  at  800  F  (in  argon).  Foil 
stress  values  for  braze  or  foil  failure  in  lap-shear  tests  after  exposure  to  salt  spray 
were  compared  with  foil  stress  values  obtained  in  the  as-brazed  condition.  A  second 
group  of  lap-shear  specimens  was  cyclic  annealed  (cyclic  anneal  "F’>  in  vacuum  prior 
to  salt  spray  exposure. 

Foil  stress  values  for  failure  at  various  test  temperatures  (-320,  75,  and 
800  F)  In  the  as-brazed  condition  and  after  exposure  to  salt  spray  are  plotted  in 
Figure  100  (for  specimens  of  Ti-5Al-2,5Sta  foil)  and  in  Figura.101  (for  specimens  of 
Ti-6A1-4V  foil).  The  average  foil  stress  values  are  included  in  Tables  XLI  and  XLH. 
Comparable  data  for  cyclic  annealed  specimens  are  plotted  in  Figures  95  and  96  and 
compiled  in  Tables  XUII  and  XLIV. 

Results  of  As-Brazed  Tests 

With  as- brazed  specimens  made  of  Ti-5Al-2. 5Sn  foils,  ail  the  candidate 
braze  alloys  except  CS217  wore  found  to  be  insensitive  to  salt  spray  corrosion  in  the 
temperature  range  of  -320  to  800  F.  The  CS217  alloy  experienced  the  following  de¬ 
gradation  in  average  foil  stress  values 

-320  F  -  about  52  percent 
75  F  -  negligible 
800  F  -  about  27  percent 

ft  appeared  unlikely  that  the  observed  degradation  in  the  CS217  alloy  strength 
resulted  from  corrosion  effects  inasmuch  as  no  metnUographlc  evident*  of  corrosion 
was  found,  ft  teemed  more  reasonable  to  assume  an  aggravation  of  the  presumed 
structural  instability  ei  the  ss-braxed  coadKton  leading  to  docti  Wtaittle  transition 
phenomena.  Tbs  ductile/brittle  transition  behavior  o  erved  for  C3217  and  the  other 
CS  eerier  *rase  alloys  in  the  an-harsand  condition  was  also  observed  after  exposure 
to  salt  sp«-*j  and  the  rasolte  shown  in  Figure  100. 


The  scatter  in  foil  stress  values  at  -320,  75,  and  800  F  after  100  hours  salt 
spray  exposure  frequently  was  higher  than  in  the  as-brazed  condition.  This  was  true 
for  all  the  candidate  braze  alloys  except  RM12.  For  the  RM12  alloy,  the  scatter  in 
foil  stress  values  was  appreciably  lower,  and  about  the  same  both  before  and  «fter 
exposure  to  salt  spray. 

With  as-brazed  lap-shear  specimens  made  of  Ti-6Al-4V  foil,  the  least  de¬ 
gradation  in  average  foil  stress  values  following  salt  spray  exposure  was  observed 
with  the  CS217,  CS217F,  and  RM12  braze  alloys.  However,  all  braze  alleys  and 
especially  the  CS217C,  CS217G.  and  RM8  braze  alloys  underwent  considerable 
deterioration  in  strength  (15  to  50  percent)  following  salt  spray  e\j*.  ure  (Fig.  101). 

The  degradation  in  strength  was,  in  general,  maximum  at  -320  F,  although  the  CSs21? 
alloy  was  a  notable  exception.  Again,  greater  scatter  in  foil  stress  values  at  'allure 
was  observed  after  exposure  to  salt  spray  than  in  the  as-brazed  condition.  No 
metallographic  evidence  of  corrosion  was  found  in  any  specimen. 

At  this  point,  there  were  strong  indications  that  structural  instability  of  braze 
affected  base  metal  foils  precluded  obtaining  meaningful  corrosion  data  in  the  as- 
brazed  condition.'  The  structural  instability  appeared  to  be  aggravated  by  th*.  thermal 
regime  of  salt  spray  conditioning,  especially  for  T1-6A1-4V  brazements.  The  in¬ 
dicators  were: 

•  Metallographic  examination  had  not  produced  any  evidence  of  salt 
corrosion  for  any  Ti-Zr  baue  braze  alloy  or  foil  brazement. 

\  •  Ductile- brittle  transition  pher  'mens  had  been  observed  in  the  as-brazed 
i  condition  for  all  candidate  braze  altcvs.  R  raze- affect'd  foil  frequently 

was  the  locu#  of  failure, 

•  Presumed  "corrosion  effects”  on  braze  strengtn  were  erratic  and  not 

in  evidence  for  every  test  temperature  or  brwzo/foit  combination,  as 
would  be  expected.  .  , 

Consequently,  before  significant  stability  tests  could  be  made  to  gage  true  corrosion 
effects,  it  was  felt  thsi  structural  instability  in  foil  brazements  first  must  be  eliminated. 
Therefore,  cyclic  annealed  brazements  were  tested  next. 

Results  dT  Cyclic  Annealing  Tests 

The  most  i:  portent  and  apparently  most  applicable  advantage  of  cyclic 
annealing  CS  series  bratements  was  brought  out  is  this  test  phase  (Tables  XL  III  sr.i 
XLIV).  it  was  in  the  ability  of  cyclic  annealing  to  virtually  eliminate  susceptibility 


to  braze  strength  degradation  foUowirc  200  F  salt:  spray  exposure,  strength  losses 
as  high  as  15  to  30  percent  were  sot  uncommon  in  many  foil/braze  combi  nations 
(as-brazed  condition)  following  exposure  to  salt  spray.  The  single  cyclic  anneal 
evaluated  completely  changed  this  picture,  so  that  in  emly  two  instances  (brace/foil/ 
test  temperature  combinations)  out  of  a  possible  .32  did  the  strength  loss  exceed 
10  -percent  following  salt  spray  exposure.  (The  great;  st  actual  loss  of  th.?se  two  was 
25  percent  after  cyclic  .-annealing,'  still,  m  improvement  over  the  expert em re  of  the 
as- brazed  condition. j  In  fact,  in  27  Instances:,  no  significant  change  in  braze  strength 
was  recorded  (strength  loss,  5  percent  or  less)..  In  all  instances,  braze  strength  of 
cyclic  annealed  specimens  following  100  hours  of  salt,  .spray. exposure  was  measured 
at  ■80,000  pal  or  higher  (-320  to  ?5  F  test  temperatures)  and  the  EM  aeries  braze- 
mentsr,  hoi  responsive  to  the  cyclic  anneal  employed,  still  exhibited  strengths 
r?C,  OG&'psi  following  salt  spray  exposure  in  the  s-brazed  condition  (“320  to  800  F). 
No  meiallographic  evidence  .of  general  corrosion  or  crevice  corrosion  was  observed 
bii  any  of  the  hrizetnents  is thU  test  phase. 


Air  Oxidation  Tests 


Lap-shear test  specimens  fo.  01 0-inch  foils;  overlap  0,  020- inch)  and-. small 
foil  T- joints  (for  metallography)  were  used  for  the  air  oxidation  testa.  The  lap-shear 
spea  mens -were  prepared  as  foilewe: 

a.  -i&X'-eaitdfoafo  braze  alfoy»/Ti-fo\i-2,5-^r»'brazeiriejitii'  (S'S-ferazad 
condition)  - 

* ^rkfomenti*-  (jMtr&fhzed  condition) 
..Tfcswi ’CS-merlet  Al&te/TfoS  * !* X cyclic  a.-ynealed  ”F*'Jbrazements, 

:*)  M|^“difjfo<t.icri.  bonded  TV#AI-*4.. 

•’* '  Selfos$3fe*rtoa  bonded  Ti“0Alai*f;  : 

o tf  bash  Ti-^AI“S^|l%i:4ad-  sA<-  iV  la^shear  speci¬ 
mens  was  ..lift  " K  i,-\0  seconds  (fettered 

argon  afoic*]pbisre)',  ..Type  lot 6 $»IM» f^Qffe+.ineh  thick)  and  tungsten 
foil  (0.  OOiy  iOiCh  thick)  were  us^d  aestogr&G*  to  prevent  -'dtaitiqdt  stfoJdng  (Ftg.  i02)< 

All  tap-fh^ar  errf  T-fot»i.«pec1m«fe*  w*.;-*.  static  air  oxidation  at 

1000  F.for  i'OO.fecsure  in  a  Cfloelsur  tost'eme*.  The  oaidi&d  kp-ahea^  specimens  were 
tested  at  -320  F  (ln,li<jdid.Ng),, »#^0rl'Al-.X5>w3l: ^/d^:foe)y  room  tempera¬ 
te  and  800  ^  (argon).  TK;  lei!  stress  vetoes  bxS&sed  lap-shear 


specimens  were  compared  with  baseline  data  previously  obtained.  This  comparison 
revealed  the  degree  of  degradation  in  strength  of  brazements  and  of  the  base  metal  itself 
due  to  1000  F  air  oxidation,  ""he  foil  stress  values  at  failure  of  oxidized  specimens 
were  also  compared  with  data  obtained  after  100  hours  aging  at  1000  F  in  high  vacuum. 
This  comparison  revealed  the  effect  of  air  oxidation  alone  on  aged  brazement  strength. 

Small  foil  T-joints  were  examined  metailographically  to  determine  the  effects 
of  oxidation  on  braze  and  foil  microstructure.  Microhardness  measurements  were 
also  made  on  these  specimens.  Chemical  analyses  for  oxygen  content  of  Ti-5Al-2.  5Sh 
and  Ti-6Al-4V  foils  {as-received  and  after  100  hours  oxidation  at  1000  F)  were  con¬ 
ducted  to  determine  the  extent  of  oxygen  absorption. 


Results  of  lap-shear  tests  on  various  specimens  are  tabulated  in  Tables  XI.VJI 
and  XLVm.  The  strength  data  are  plotted  in  Figures  34,  103,  104,  and  105.  which  also 
describe  the  locatioi  of  failure  (joint  or  braze  affected  base  metal  foil).  The  average 
foil  stress  values  for  failure  at  different  test  temperatures  (-320  F,  -100  F,  room 
temperature,  and  800  F>  are  listed  in  Table  XLVn  for  the  following  conditions- 

•  S»x  candidate  braze  al’oyo/Ti-SAl-2. 5Sto  '•naze monte,  m  boU  as-brazed 
ccnditio.-'  and  after  air  oxidation  (Fig.  103) 


»  Three  CS  series  alloys/- 1-5 41-2.  5Sn  brazements, 
condition  and  after  air  ox;dation  (Fig.  104) 


in  both  cyclic  annealed 


! 


*  Delf- diffusion  bonded  TS-5AI-2.5&1  specimens,  as  bonded  and  after  air 
oxidation  (Fig.  34) 


The  average  foil  stress  value*  at  different  test  temperatures  (-3C0  F,  -100  F, 
room  temperature,  and  800  F)  for  the  following  test  conditions  are  ir.  -hided  in 
Table  XtATJI: 

•  Six  candidate  braze  altoys/Tt-«Al-4V  brazements  in  both  «-«-brazed 
condition  and  after  air  oxidation  (Fig.  105). 

*  tax  candidate  braze  alloy#/Ti-$Ai-4V  brazements  after  thermal  agirg 
at  1000  F  for  100  hour*  in  high  vacuum  (Fig.  105). 

o  Seif- diffusion  bonded  Ti  6A1-4V  specimens,  as- bonded  and  after  air 
oxidation  (Fig.  94). 

The  results  <..t  the  microha  rdoosa  determination#  are  included  in  Table  XLIX. 
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TABLE  XLVKI 

RESULTS  OF  LAP-SHEAR  TEST8  OF  CANDIDATE  ALLOY/ 
Ti-'6Al-4y  SELF-DIFFUSION  BONDED  SPECIMENS 
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Keeults  of  Ah'  Oxidation  Teats 

As-Blazed  Condition.  The  moat  obvious  effect  of  the  1000  F  air  oxidation  test  was  a 
typical  20  to  30  percent  reduction  in  average  room  temperature  brazement  strength, 
the  maximum  strength  loss  *nost  frequently  occurring  at  room  temperature  for  both 
CS  and  RM  series  brazeraents  and  both  foil  alloys.  Strength  losses  at  -320  and  800  F 
were  generally  much  less  than  20  percent,  the  most  notable  exception*  being: 

Teet  Temperature  Strergth  Loss 


Brazement 

(F) 

<%) 

A 

CS8l7C/Ti-€Al-4V 

800 

21.5 

RM8/T1-8A1-4V 

800 

23.5 

• 

-320 

31.9 

The  braze /foil  combination  C8217/TI-6A1-4V  was  the  only  one  which  exhibited  no 
significant  changes  in  strength  at  any  test  temperature  due  to  1000  F  oxidation. 
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TABLE  XLDC 

MICROHARDNESS  DETERMINATION  OF  CANDIDATE  ALLOY  BRAZEMENTS 
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As  shown  in  Figures  106  through  UC,  very  light,  external  oxidation  of  most 
braze  alloys  was  observed.  However,  in  two  ease*,  tho  entire  braze  alloy  matrix 
appeared  to  be  oxidized  internally  (Cf$17/Ti-6Ai-4V  ai«u  CS217F/Ti-5AI-2.,5Sn).  All 
T-joints  brazed  with  CS217F  were  round  distorted  and  prone  to  crack  after  1000  F 
oxidation  (Fig.  106) ;  brazement  cracks  were  also  observed  in  lap-shear  specimens 
brazed  with  CS217F.  Br&zements  of  CS217F  had  shown  m  unexplained  tendency  to¬ 
ward  accelerated  oxidation  at  1000  F,  producing  voluminous  rmde  products  (approxi¬ 
mately  10  to  15  times  that  Jbservad  for  the  other  candidate  braze  alloys).  Curiously, 
the  effect  of  1000  F  oxidation  upon  braze  strength  of  C32I7F  was  not  appreciably  dif¬ 
ferent  from  the  other  candidate  alloys. 

Diffusion  Bonded  Specimens.  Strength  degradation  of  self-diffusion  bonded  Ti-5Al-2.5Sn 
and  T1-6A1-4V  specimens  due  to  air  oxidation  was  most  evident  at  cryogenic  tempera¬ 
tures;  however,  the  decrease  in  strength  was  much  more  pronounced  for  YI-6A1-4V 
specimens  than  for  Ti~5Al-2,5Sn  specimens,  As  tbs  result  of  air  oxidation,  self¬ 
diffusion  bended  Ti-6A1-4V  specimens  showed  evidence  of  ductile-brittle  behavior  in 
the  cryogenic  temperature  range  (-160  and  -820  F).  Even  do,  the  diffusion  bonded 
and  oxidized  specimens  exhibited  appreciably  greater  joint  strength  than  as-brazed 
or  brazed  and  oxidized  specimens  through  the  temperature  range,  -820  F  to  room 
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temperature.  This  indicated  that  structural  instability  of  the  braze  materials,  aggra¬ 
vated  by  1000  F  oxidation  effects,  were  responsible  for  the  lower  strength  of  braze- 
ments  in  this  temperature  range. 

Isolated  Effect  of  Air  Oxidation.  The  isolated  effect  of  1000  F  air  oxidation  on  braze- 
ment  strength  was  determined  from  the  difference  in  brazement  strengths  after  aging 
at: 

•  1000  F  -  100  hours  in  high  vacuum  (~10"5  Torr) 

•  1000  F  -  100  hours  in  static  air  environment. 

The  percent  strength  change  due  to  air  oxidation  for  candidate  alloys/Ti-6Al-4V 
brazements  is  included  in  Table  XL  VIE. 

hi  general,  the  CS  series  alloy  brazements  were  somewhat  stronger  in  the 
vacuum-aged  condition  as  opposed  to  the  oxidized  condition  (i.e. ,  after  thermal  ex¬ 
posure  at  1000  F  for  100  hours  in  vacuum).  This  condition  was  probably  due  to  more 
uniform  transformation  of  metaet&ble  (but  uncontaminater'  raze  matrix  structures  to 
equilibrium  structures  during  vacuum  aging.  Braze  alloy  RMS  followed  the  same 
trend  as  the  CS  series;  however,  RM12  reversed  the  trend,  showing  somewhat  greater 
strength  reduction  due  to  1000  F  vacuum  aging  at  most  test  ^  ..^eratures.  The  rea  son 
for  the  varying  effects  of  oxidation  on  candidate  braze  strength  could  not  be  discerned 
from  the  br'ze  structures  studied;  however,  the  "®ierally  good  retention  of  all  candi¬ 
date  braze  strengths  following  both  types  of  aging  conditions  was  gratifying. 

Cyclic  Annealing  Effects.  The  CS  series/Ti-5Al~S.  5Sfo  braze  nents  were  cyclic 
annealed  and  oxidized  at  1000  F  for  100  hourti,  and  the  results  shown  in  Figures  111, 
112,  and  113.  Cyclic  annealed  brazements  of  CS217  and  CS217C  exhibited  some  slight 
degradation  in  strength  due  to  air  oxidation  but,  in  most  cases,  significantly  less  than 
for  the  as-brazed  and  oxidized  condition  (typically  between  n  and  13  percent).  In 
addition,  cyclic  annealing  increased  initial  braze  strengths  appreciably,  so  that  even 
after  1000  F  oxidation,  all  CS217  and  CS217C  brazements  possessed  strengths 
>90, 000  psi  over  the  temperature  range  -320  F  to  room  temperature.  At  800  F, 
cyclic  annealed  and  oxid'zed  braze  strength  levels  were  essentially  equivalent  to  the 
original  as-brazed  strength  levels. 

Cyclic  annealed  CS217F/TI-5A1-2. 5Sn  brazements  exhibited  maximum  de¬ 
gradation  of  strength  (between  16. 5  to  24. 8  percent  at  the  various  test  temperatures). 


181 


T-joint  specimens  brazed  with  CS217F  and  cyclic  annealed  were  found  distorted  and 
cracked  after  air  oxidation,  indicating  no  improvement  in  oxidation  resistance  over 
the  as-brazed  condition. 

Metallography  Studies.  Typical  microstructures  of  candidate  alloy  brazements  follow¬ 
ing  oxidation  at  1000  F  are  shown  in  Figure  106  through  113.  Brazed  T-joints  of 
CS217F  alloy  (as-brazed  and  as- eye  lie  annealed)  were  found  distorted  and  braze 
cracked  after  air  oxidation  at  1000  F  (Fig.  101  and  113). 

Formation  of  a  subsurface  oxidation  diffusion  zone,  about  0. 75  mil  thick,  was 
observed  beneath  the  exposed  foil  surfaces  of  most  oxidized  brazements.  This  diffu¬ 
sion  zone  was  the  result  of  prolonged  exposure  (100  hours)  at  1000  F.  Hardness  of 
this  diffusion  zo"e  was  about  40  to  42  Rg  contrasted  with  34  to  38  Rg  in  the  unoxi¬ 
dized  portions  of  the  foils. 

The  beryllides,  in  general,  were  not  oxidized;  rather  they  were  preserved 
intact  in  the  oxide  Rims.  However,  cracking  of  some  exposed  beryllides  because  of 
oxidation  forces  were  observed  in  brazements  of  CS217G/Ti-6A1-4V  (Fig.  109). 

Microhardness  Studies.  Microhardness  values  for  the  following  conditions  of  the  braze 
matrix  and  the  braze/foil  diffusion  zone  are  shown  in  Table  XLIX: 

•  As-brazed 

•  Brazed  +  100  hours  thermal  aging  in  vacuum  at  1000  F 

•  Brazed  +  oxidized  at  1000  F  for  100  hours  in  static  air  environment 

•  Cyclic  annealed  and  then  oxidized  at  1000  F  for  7  00  hours  in  static  air 
environment 

No  significant  changes  in  braze  matrix  hardness  (from  the  as-brazed  condition)  were 
recorded  due  to  1000  F  thermal  treatment  in  air  or  in  vacuum,  or  from  cyclic  anneal¬ 
ing.  Eutectic  braze  matrix  hardness  for  all  candidate  braze  alloys  varied  between  Rg 
45  to  59,  depending  upon  local  variations  in  the  hard,  intermetallic  phase  content. 

Chemical  Analysis  of  Foils.  Chemical  analyses  of  the  T1-5A1-2. 58n  and  T1-6A1-4V 
foils  before  and  after  1000  F  oxidation  were  determined  as  follows: 

Foil 

(0. 010-in. ) 

Ti-5Al-2. 5Sn 
Ti-6A1-4V 


Oxygen  Content  Oxygen  Content 

As-Received  After  Air  Oxidation 

Condition  At  1000  F  for  100  Hours 

(wt  %)  (wt  %) 


0.076  0.112 

0.074  0.105 


The  analysis  shows  ar.  approximate  40  pe^eni,  increase  in  oxygen  uuuteni  due  iu 
air  oxidation  at  1000  F.  This  increase  in  contaminant  level  was  anticipated  on  the  basis 
of  both  internal  and  external  oxidation,  which  was  observed  metallographically,  and 
corroborated  by  foil  subsurface  hardness  increases.  After  oxidation,  the  Ti-5Al-2. 5Sn 
foils  displayed  irridescent  films  (mainly  blue),  whereas  the  T1-6A1-4V  foil  surfaces 
were  dark  gray. 

Hot-Salt  Corrosion  Tests 

To  gage  relative  susceptibility  of  candidate  alloy  brazements  to  hot-salt 
stress  corrosion  cracking,  both  brazed  and  self-diffusion  bonded  lap-shear  specimens 
(Fig.  114)  were  encrusted  with  salt  (NaCl)  and  dead  weight  loaded  (10, 000  and 
20, 000  psi  levels)  in  the  stress  rapture  rig  shovm  in  Figures  115,  116,  and  117.  A 
special  forced  convection  furnace  using  simulated  Jet-engine  exhaust  gases  (oxidi  zing) 
was  employed  to  directly  heat  the  specimens  (Fig.  116).  Foil  stress  levels  were 
chosen  to  yield  minimum  rupture  times  (salt-free  air)  of  5000  hours  (10,000  psi)  and 
700  hours  (20, 000  psi).  Only  the  Ti-5Al-2. 5Sn  foil  brazements  were  tested  and  the 
results  are  shown  in  Table  L. 

The  most  obvious  result  was  that  all  foil  brazements  and  even  the  self¬ 
diffusion  bonded  (braze-free)  foil  specimens  suffered  premature  foil  rupture  failures 
as  the  result  of  hot-salt  corrosion.  By  virtue  of  having  somewhat  longer  rupture  times, 
the  RM  series  brazements  appeared  to  be  the  most  corrosion  resistant.  Using  the 
same  reasoning,  the  silver-base  brazements  appeared  least  corrosion  resistant  to  the 
hot  salt.  However,  in  consideration  of  the  greatly  reduced  rupture  lives  of  all  speci¬ 
mens  (0. 25  to  10. 4  hours)  and  a  probable  log-time  relation,  it  was  concluded  that  all 
candidate  brazements  (and  the  program  foil  alloy  itself)  are  adversely  affected  by 
hot  salt  to  approximately  the  same  degree. 

Metallographic  examination  of  failed  specimens  (Fig.  118  and  119)  after 
hot-salt  testing  revealed  many  transverse,  intergranular,  corrosion-induced  cracks 
In  each  specimen  foil.  Some  cracks  initiated  at  braze  surfaces  and  propagated  into 
the  adjacent  foils,  other  cracks  initiated  in  the  foil  materials.  Neither  diffusion  bonded 
nor  brazed  lap-joint  regions  (joint  interfaces)  were  affected  by  corrosion.  As  shown 
in  Figure  120,  the  RMS  and  RM12  braze  materials  were  particularly  resistant  to  hot- 
salt  cracking  although  adjacent  foil  materials  did  crack  and  fail  prematurely. 


TABLE  L 

HOT -SALT  CORROSION  TEST  DATA 


Test  Temperature:  1000  F 


Test  Environment: 
Program  Brazement; 


Braze  Condition: 
(Prior  to  Salt 
Encrustation) 


RM  series  alloys: 
Ag-base  alloys: 


Simulated  jet -engine  exhaust  gasses  (oxidizing) 

Lap -ah  oar  specimen  of  0.010  inch  T1-5A1-2. 5Sn 
foils  (0.020  inch  overlap  by  0.5  inoh  width) 

CS  Series  alloys 
Cyclic  annealed 
1550  F,  10  minutes 
1450  F,  10  minutes 
Cycled  3  times 

As -brazed 

As -brazed 


Braze 

Foil 

Stress 

Time  to  Failure 
(min.) 

Failure 

Alloy 

(pal) 

Average 

Location 

CS217 

20,000 

15-30 

23 

Brmze-affected 

foil 

CS217C 

20,000 

35 

35 

Braze -affected 
foil 

CS217F 

20.000 

35-36 

35 

Braze -affected 
foil 

CS217G 

20,000 

15 

15 

Braze-affected 

foil 

RMS 

62  -  62 

62 

Braze-affected 

foil 

RM12 

20,000 

63  -  63 

63 

Brase-affectsd 

foil 

Diffusion  bonded 
lap  joint  (base¬ 
line)  (1650  F.  1 
minute,  1200  pel) 

20,000 

53  -  125 

89 

Foil 

CS217 

10,000 

465  -  465 

465 

Braze-affected 

foil 

CS217C 

10,000 

255 

255 

Braze-affected 

foil 

C-217F 

10,000 

405  -  315 

360 

Braze-affected 

foil 

RM8 

10,000 

465  -555 

510 

Foil 

RM12 

10,000 

595-645 

615 

Foil 

Diffusion  Vmn-fd 
lap  joint 

10.0UQ 

345  -  345 

345 

• 

hofl 

Ag-SAl-SMn 

_ _ 

10,000 

196 

195 

Braze-affected 

foil 

3. 5. 6  St  re  8  8- Rupture  Tests  of  Brazements 

To  determine  the  effect  of  a  constant,  long-period  service  stress  upon  braze- 
ment  reliability,  brazed  lap-shear  specimens  of  the  six  candidate  alloys  as  well  as 
the  self-diffusion  bonded  specimens  were  dead  weight  loaded  to  produce  30, 000  psi 
foil  stress  at  1000  F.  Duplicate  tests  were  conducted  on  each  Joint  variety.  The  hot- 
gas,  stress-rupture  rig  shown  in  Figure  115  was  used.  The  30, 000  psi  stress  level 
was  chosen  to  yield  a  minimum  100-hour  rupture  life.  All  brazements  were  made 
with  0. 010-inch  thick  T1-5A1-2. 5Sn  foils,  using  a  controlled  overlap  of  0. 020-inch. 

The  CS  series  braze  specimens  were  cyclic  annealed,  the  RM  series  brazements 
were  tested  in  the  as-brazed  condition. 

All  diffusion  bonded  specimens  remained  intact  to  the  100-hour  test  point. 

Three  cyclic  annealed  braze  alloys  endurec  100  hours  of  stress-rupture  ex¬ 
posure  without  failing;  they  were: 

•  CS217 

•  CS217C 

•  CS217G 

However,  the  following  braze  alloys  recorded  one  or  more  rupture  failures  prior  to 
attaining  100  hours  test  time: 

•  CS217F  -  One  specimen  failed  at  11  hours  and  20  minutes 

•  RM8  -  One  specimen  failed  at  25  hours  and  30  minutes 

•  RM12  -  Both  specimens  failed  at  25  hours  and  30  minutes 

All  rupture  failures  occurred  through  the  braze  joint  by  a  shear  mechanism.  No 
excessive  axternal  oxidation  or  corrosion  effects  were  noted,  indicating  the  failures 
of  the  above  brazements  were  Induced  primarily  by  stress  rupture.  Typical  braze 
structures  (post-rupture  testing)  are  shown  in  Figures  121,  122,  and  123. 

The  significantly  improved  stress-rupture  performance  of  the  candidate 
alloy  brazements  in  a  salt- free  environment  was  very  striking. 

3. 5. 7  Fatigue  Tests  of  Brazements 

To  gain  information  on  the  relative  abilities  of  candidate  alloy  brazements  to 
withstand  cyclic  loa'fing,  a  series  of  tension-tension  fatigue  tests  were  conducted  on 
lap-shear  specimens  (0. 320-inch  overlap)  at  room  temperature.  The  electronically 
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TABLE  LI 


FATIGUE  STRENGTH  OF  CANDIDATE  ALLOYS  AND  SELF-DIFFUSION 
BONDED  T1-5A1 -2.5Sc  SPECIMENS 


controlled,  hydraulically  actuated,  MTS  fatigue  tester  used  is  illustrated  in  Figures  124 
and  a  fixed  alternating  streaa/mean  stress  ratio  *  X/l  (i.e. .  minimum  stress  »  aero). 
All  laj>-8hear  specimens  were  made  of  0,010-inch  thick  Ti-5Al-2.58n  alloy  foils. 
Self-diffusion  bonded  specimens  were  tested  to  provide  baseline  data,  particularly 
necessary  in  view  of  the  unknown  (but  largely  reproducible)  geometric  stress  concen¬ 
tration  factor  in  each  lap-shear  specimen.  Maximum  fatigue  test  stress  is  plotted 
against  fatigue  cycles  to  failure  in  Figure  126  (aelf-diffusion  bonded  condition!; 

Figure  12?  (CS21?  and  CS217C  braxements);  and  Figure  128  (RMS  and  RM12  braze- 

4 

menta).  A  plot  of  fatigue  strength  <10  cycles)  versus  average  braaement  tensile 
shear  strength  (lap-shear  specimens)  is  shown  in  Figure  120.  All  fatigue  strength 
data  generated  in  this  study  is  shown  in  Table  LI. 


The  fatigue  strength  levels  obtained  were  gratifying  in  light  of  the  geometric 
stress  concentration  factor  inherent  in  the  specimen  and  the  presumed  marginal 
toughness  of  the  candidate  braze  alloys.  As  shown  in  the  following  tabulation,  the 
endurance  limits  (10  cycles)  for  the  better  braze  alloys  compared  favorably  with  that 
for  the  diffusion  bonded  joints  (baseline). 


g 

Endurance  Limit  (10  cycles) 


Braze  Alloy  (ksi) 

CS217  22. 0 

CS217F  20.0 

CS217C  19.0 

RM8  17.0 

Diffusion  bonded  18.0 
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A  plot  of  fatigue  strength  (10  cycles)  versus  average  brazement  tensile 
strength  (Fig.  129)  indicates  that  all  specimen  types  follow  the  30  percent  ratio  line, 
(i.e. .  ensile  sifengfil  *  0=3C^  11118  re^ation  is  considered  a  good  one  for  effectively 
notched  specimens,  (A  50  percent  ratio  is  usually  normal  for  smooth  fatigue  and 

tensile  specimens.)  ffcieh  a  consideration  is  valid  inasmuch  as  all  fatigue  failures  in 
4  7 

the  10  to  10  cycle  range  have  occurred  in  the  foil  materials  near  the  lap  step. 

3.5.  8  Summary  of  Task  V.  Braze  Systems  Evaluation 

The  preceding  Task  IV  evaluation  demonstrated  the  suitability  of  eight  Ti-Zr 
base  braze  alloys  for  titanium  foil  joining  in  terms  of  brazing  characteristics ,  peel 
resistance,  joint  strength,  strain  accommodation  ability,  and  insensitivity  to  corro¬ 
sive  media,  principally  through  mechanical  tests  at  room  temperature.  Task  V  ex¬ 
panded  the  evaluation  to  Include  a  range  of  test  temperature  simulating  service  (-320 
to  1000  F)  and  different  test  regimes.  (Two  candidate  braze  alloys,  RM26  and  RM40, 
were  eliminated  early  In  the  task  because  of  markedly  lower  strength  levels  than  the 
remaining  six;  RMS,  RM12.  C8217,  CS217C.  CS217F.  and  CS217G.) 

Lap-joint  shear  tests  (and  in  some  cases,  T-joint  tensile  tests)  were  con¬ 
ducted  after  the  following  precoodtH''-''"^  treatments,  each  simulating  some  adverse 
aspect  of  service  exposure; 

•  As-brazed  condition  (baseline) 

•  Aging  at  1000  F  for  100  hours  in  vacuum  or  air  environment 

•  100  hours  aalt-spray  exposure  (200  F) 
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Specimen®  of  T1-5A1-2. 5Sn,  TJ-6A1-4V,  and  Ti-8A!-lMo-lV fella  were  prepared 
s«d  tested.  Lome  self-diffusion  bonded  specimens  were  included  to  assess  the  in¬ 
fluence  of  braze/'oil  interaction. 

llie  ir'luenee  of  cyclic  annealing  post  -bra  re  was  assessed  in  these  test  pro¬ 
grams.  In  addition,  cyclic  annealed  (as  well  as  as-brazed)  lap-joint  specimens  were 
subjected  to  three  special  tesu*: 

•  Stress  rupture  tests  in  oxidizing  environment  at  1000  F  (30,000  psi 
foil  stress). 

•  Stress  rupture  tests  in  oxidizing  environment  at  1000  F  (10, 000  psi 

and  20,000  pel  foil  stress  levels);  specimens  encrusted  wit1'  salt  (NaCi). 

•  Tension-tension  fatigue  tests  at  room  temperature  to  determine  105  to 
106  cycle  endurance  limits. 

Reliability  Studies 

Statistical  variance  in  room  temperature  braze  strength  (lap-shear  specimens) 
was  calculated,  using  10  data  points  per  braze/foil  combination  (Table  LR).  Standard 
deviations  of  nearly  all  braze  «  -ength  populations  were  found  to  be  within  reasonable 
limits  for  the  as-brazed  condition  (*.e. .  standard  deviation  expressed  as  a  percent  of 
the  average  *tre  ,*th,  *  1°  percent).  In  practical  terms,  reproducibility  of  braze 
strength  levels  was  considered  satisfactory  for  a  dust  rial  joining  process.  Promis¬ 

ing  improvements  in  both  lap-joint  and  T-joint  braze  strength  reproducibility  were 
obtained  through  cyclic  annealing  post-braze,  although  time  permitted  only  one  braze 
foil  variety  to  be  evaluated  (CS217C/T1-5A1-2.  59n).  The  best  combinations  of  average 
braze  joint  strength  and  strength  reproducibility  were  afforded  by  cyclic  anneal  "F1'. 

On  the  basis  of  these  results,  cyclic  anneal  "F"  was  incorporated  as  the  preferred 
post  braze  treatment  in  all  subeequent  tests. 

Variation  of  Braze  me  nt  Strength  with  Temperature 

Over  the  descending  temperature  range  (800  F  to  room  temperature),  ail 
brazed  lap-joint  strengths  normally  increased  systematically  with  decresair-  tempera¬ 
ture.  Bra.:*  strengths  generally  increased  from  to  ?0  kai  (Ti-5Al-2. 58n)  or  ~  80 
to  90  kai  (Tl-8Ai-4V)  at  800  F  to  —  95  to  100  ksi  (both  foil  ’loys)  ai  room  temperature. 
This  patten  of  increasing  strength  with  decreasing  temperature  parallels  reasonably 
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TABLE  LH 

RELIABILITY  TESTS  ON  CANDIDATE  BRAZE  A LLOYS/TITANIUM  FOILS 


As  Irazed 

Foil 

A,  d  rage 

Foil 

Stress  at 
Failure 

Standard 

Standard 

Deviation 

Braze  Alloy 

(10  mil  thick) 

(Mi) 

Deviation 

<%> 

CS217 

Ti-6Al-4'7 

05.5 

6. 9  ^ 

7.2 

T1-5A1-2. 5Sn 

108.6 

5.0 

4.6 

i 

i 

Ti-8Al-lMo~lV 

106.6 

6.3 

5.9 

|  CS217C 

T1-6A1-4V 

107.7 

10.3 

9.6 

Ti-jAi-2.53n 

104.0 

8.3 

8.0 

) 

Ti-8Al-lMo-lV 

108.3 

13.6 

12.5 

1 

!  CS217F 

T1-6A1-4V 

97.8 

6.3 

6.5 

! 

T1-5A1-2. 5fkl 

98.5 

3.7 

3.7 

i 

i 

Ti-SAl-lMo-lV 

98.2 

4.4 

4.5 

j  CS217G 

T1-6A1-4V 

100,9 

3.2 

3.2 

1 

Ti-5AI-2.5Sn 

110.5 

5.5 

5.2 

}  . 

| 

Ti-8Al-lMo-lV 

93.9 

16.6 

19.8 

j 

RMS 

T1-6A1-1V 

85. 1 

|  3.8 

4,5 

|  Ti-5Al-2.SSn 

84.3 

6.6 

7.9 

i 

f 

i 

T1-8AI-IM0-IV 

i 

94.  7 

j  4.2 

4.4 

j  RM12 

TI-6AJ  -4V 

‘  IGU. 0 

i  6 

6.8 

\ 

!  Ti  -5Al  -2 , 3Sn 

S4,  8 

4.6 

4.; 

L 

1  Ti-8Ai-lMo-lV 

100.3 

|  7. 0 

7  -  i 

i. . —  . ...  — , — 

J 

well  that  pattern  displayed  by  all  program  alloy  foils  in  ur.iaxt*'  tonsils  tests  and  sell- 
diffusion  bonded  lap-joint  tests.  Below  room  temperature,  all  braze/foil  com  fat  nations 
underwent  a  form  of  ductile- brittle  transition  (usually  between  room  tempe  rature  end 
-100  F)  wherein  strength  decreased  slightly  ,.r  became  stabilized  with  decreasing 
temperature.  Strength  tosses  never  exceeded  20  ksl,  but  uniaxial  toil  tenet’?  speci¬ 
mens  and  diffusion  bonded  lap  joint  specimens  showed  marked  strength  Increase*  in 
the  same  cryogenic  temperature  range  (RT  to  -320  FI, 


iee 


m 

fc; 
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Structural  instability  of  the  bra??  aterials  and/-vr  braze-affected  foils  watf 
believed  responsible  for  the  mediocre  showing  '  lap-joint  braze  strength  at  cryo¬ 
genic  temperatures^.  Therefore,  cyclic  annealed  brazements  were  evaluated.  The 
single  cyclic  anneal  employed  (cyclic  anneal  "F")  definitely  improved  the  cryogenic 
strength  patterns  for  half  the  braze/foil  combinations,  either  eliminating  the  ductile  - 
brittle  transition  behavior  altogether  or  lowering  the  transit  ion  temperature.  A  study 
uf  these  data,  however,  produced  a  strong  inference  that  each  braze/foil  combination 
of  interest  has  its  own  optimum  cyclic  anneal,  which  must  be  tail  red  to  it  experimen¬ 
tal^  at  th*'  present  stage  of  understanding. 

The  most  interesting  development  was  that  provided  by  the  cyclic  annealed 
C3217/T:-8Al-lMo-lV  combinat  which  yielded  the  highest  average  braze  strengths 
recorded  tor  lap-shear  specimens  over  the  entire  ♦-'mperalure  range  of  -320  to  900  F. 
There  was  no  ductile-brittle  trandti  behavior. 

Therm  '1  and  Environmental  Stability  Tests 

In  general,  candidate  brazemente  withstood  vacuum  aging  at  1000  F  (100  hours) 
with  Ltiie  or  no  impairment  r*  as-brazed  strength  properties.  Principal  exceptions 
were  RMS  and  RM12  brazameuts  which  e::perieneed  —25  and  20  percent  strength  re- 
ducti  ms,  respectively,  at  rooi  temperature,  and  ~  20  percent  reduction  (RM8)  at 
800  F  (Ti-6A1-4V  foils).  There  were  no  adverse  changes  in  bra?-'  microstructures 
du*  aging.  For  Ti-5Al-2.  oSn  foil  joints,  the  usual  effect  of  1000  F  air  oxidation 
(100  hot  -s)  was  a  10  to  30  pt  cent  strength  reduction  at  room  temperature  and 
normally  somewhat  smaller  reductions  at  cryogenic  and  elevated  temperatures.  Oxida¬ 
tion  effects  upon  Ti  -6A1-4V  foil  specimens  were  more  random  and  unpredictable.  All 
candidate  brazements  suffered  1C  to  30  percent  strength  losses  at  a  minimum  of  two 
of  the  three  test  temperature  <-320  F,  RT,  800  F).  A  notable  exception  was  the 
b^aze/foil  combination,  CS217/Ti-6Al-^V,  which  exhibited  no  significant  changes  in 
strength  due  to  1000  7  «ir  exposure.  However,  cyclic  annealing  "F"  post-braze 
(CG  ser'es)  in  many  cases  not  only  reduced  the  degree  of  strength  degradation  due  to 
subsequent  1000  F  oxidation,  but  because  cyclic  annealing  improved  initial  braze 
strengths,  all  CS217  and  CS217C  lap-job  ‘  brazements  after  1000  F  oxidation  possessed 

1.  An  Interesting  analog  was  drawn  with  tensile  test  data  for  self-diffusion  bonded 
1 -joint  specimens  oxidized  at  1000  F  for  100  hours.  Du.ctile/brittle  transition 
oehavior  was  evidenced  also  for  these  braze-free  specimens  ,u  the  room  tempera- 
hue  to  -IOC  F  tangs. 
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as  high  or  higher  strength  levels  than  for  the  rs-brazed  condition  (-320  to  800  F), 
Electron  micrographs  revealed  the  market;  changes  in  eutectic  structure  (lamellar 
to  spheroidized  beryllides)  effected  by  cyclic  annealing. 

The  OS217F  braze  alloy  exhibited  accelerated  oxidation  with  voluminous 
oxidation  products  at  1000  F  (both  as-brazed  and  cyclic  annealed  conditions).  Hence, 
CS217F  was  rated  not  suitable  for  100U  F  service  in  air.  Metallographic  examinatio? 
of  T-Joint  structures  of  the  other  candidate  alloys  sho  ved  only  minimal  surface  oxida¬ 
tion  films  after  1000-hours  exposure. 

Salt- Spray  Corrosion  Tests 

Most  as-brazed  Ti-5Al-2.5Sn  specimens  showed  little  effect  of  salt-spray 
exposure  on  braze  strength  (-320  to  800  F).  However,  the  combination  CS217/ 
Ti-5Ai-2.5Sn  and  all  candidate  braze  alloys  with  Ti-bAl-4V  foils  (as-brazed  condition) 
suffered  serious  losses  in  braze  strength  due  to  the  100- hour,  salt-snray  conditioning. 
Greatest  losses  were  recorded  at  -320  F.  No  visual  or  metallographic  evidence  of 
general  corrosion  or  crevice  corrosion  was  found  in  the  lap-joint  specimens.  There¬ 
fore,  it  was  assumed  that  the  100-hour,  200  F  thermal  cycle  associated  with  the  salt- 
spray  conditioning  served  to  aggravate  the  structural  instability  of  the  as-brazed 
specimens,  previously  inferred  from  tensile  test  data  at  cryogenic  temperatures. 

T  -  most  important  benefits  of  cyclic  annealing  CS  series  brazements  were 
brought  to  light  in  this  test  r cries.  It  was  demonstrated  that,  cyclic  annealing  post- 
braze  virtually  abolished  susceptibility  of  CS  series  brazements  to  strength  deteriora¬ 
tions  following  salt-spray.  The  single  cyclic  anneal  that  "as  evaluated  (cyclic  :.nneal 
"F")  completely  altered  this  picture,  so  that  in  only  two  braze /foil/test  temperature 
combinations  of  a  possible  32  did  the  strength  loss  exceed  10  percent  following  sait- 
spray  exposure.  Maximum  strength  loss  due  to  salt-spray  was  25  percent;  still  an 
improvement  over  the  as-brazed  condition.  In  27  instances,  no  significant  change  in 
braze  strength  following  salt-spray  exposure  was  recorded.  In  all  instances,  braze 
strengths  of  cyclic  annealed  specimens  following  100-hour  salt-spray  exposure  u,ere 
measured  at  80  ksi  or  higher  (-320  F  to  room  temperature).  Again,  there  was  no 
visual  or  metallographic  evidence  of  corrosion. 
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Hot- Salt  Rapture  Tests 


To  determine  relative  susceptibility  of  candidate  alloy  brazements  u>  hot-salt 
stress  corrosion  cracking,  both  brazed  and  self-diffusion  bonded  lap-joint  specimens 
(Ti-5Al-2,5Sh)  were  encrusted  with  salt  (NaCl)  and  dead-weight  loaded  in  an  oxidizing 
environment  at  1000  F.  Foil  stress  levels  were  chosen  to  yield  minimum  rupture 
times  (in  salt-free  air)  of  5000  hours  (10, 000  psi)  and  700  hours  (20,  000  psi). 

All  brazed  and  diffusion  bonded  (braze-free)  sp  cimena  suffered  premature 
failures,  due  primarily  to  pronounced  intergranular  corrosion  and  cracking  of  the 
titanium  alloy  foils.  Braze  fillets  of  CS  series  alloys  occasionally  were  involved  in 
the  foil  failure  mechanism  but,  in  general,  the  braze  materials  themselves  (especially 
RMS  and  RM12)  and  all  joint  interface  regions  appeared  particularly  resistant  to  hot- 
salt  corrosion  phenomena. 

Stress  Rupture  Teats 

Brazed  as  v,ell  as  self-diffusion  bonded  lap-joint  specimens  (TI-5A1-2. 5Sn) 
were  stress  rupture  tested  in  an  oxidizing  environment  at  1000  F.  A  constant  foil 
stress  of  30, 000  psi  was  applied  to  produee  a  minimum  expected  rupture  life  of 
100  hours.  The  following  cyclic  annealed  braze  alloys  endured  100  hours  of  test  time 
(duplicate  tests)  without  failing: 

•  CS217 

•  CS217C 

•  CS217G 

The  following  braze  alloys  yielded  one  or  more  premature  rupture  failures  through  the 
braze,  indicating  somewhat  inferior  rupture  strength  levels  at  1000  F: 

•  CS217F  (11,5  hours) 

•  RMS  (22.5  hours) 

•  RM12  t25.5hours) 

The  diffusion  oonded  specimens  did  not  fail. 

Fatigue  Tests 

Room  temperature  fatigue  strength  levels  obtained  f^r  mort  of  the  candidate 
braze  alloys  were  quite  gratifying  in  view  of  the  geometric  stress  concentration 
inherent  in  the  lap-  joint  specimen  and  the  (presumed)  marginal  t<  ess  of  the 
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braze  alloys.  Endurance  limits  (10  to  10  cycles)  for  the  better  braze  alloys  com- 
i  ~ed  favorably  with  that  for  the  diffusion  bonded  (braze-free)  lap-joints  as  baseline: 

0 

Endurance  Limit  (10  cycles) 

Braze  Alloy  (ksi) 


CS217 

22.0 

CS217F 

20.0 

CS217C 

19.0 

RMS 

17.0 

Diffusion  bonded 

18.0 

A  plot  of  fatigue  strength  (10*  cycles)  versus  average  brazement  tensile 
strength  illustrated  that  all  brazed  and  diffusion  bonded  specimens  follow  the  30  per- 

cent  ratio  line,  i.  e. ,  fiSS^t^Sawngth  “  30'  Thls  relati0"  wa8  co"- 

A  50  to  60  percent  ratio  might 


’  Brazement  Tensile  Strength 
sidered  satisfactory  for  effectively  notched  specimens. 

be  considered  normal  for  smooth  fatigue  and  tensile  specimens. 


3. 5. 9  Selection  of  Braze  Alloys  for  Phase  II 


Rigorous  tests  of  over  100  candidate  braze  alloys  were  conducted  to  determine 
suitability  for  titanium  alloy  foil  brazing  in  Phase  II.  On  the  basis  of  foil  brazing 
characteristics,  corrosion  and  oxidation  resistance,  and  brazement  mechanical  prop¬ 
erties  (tensile,  rupture,  and  fatigue  strengths;  bend  toughness:  peel  resistance;  and 
strain  accommodation  ability),  the  four  braze  alloys  listed  below  were  selected  as 


uniformly  good  and  reliable: 

Composition  Density 

Designation  (wt  %)  (gm/cc) 

r S217  Ti-47.  o Z r- 5 .  OBe  4.83 

CS217C  Tj-45.  1  Zr-4.  8Be-5,  0AI  4.07 

RM8  Ti-43.0Zr-12.0Ni- 2.  OBe  5. 46 

RM12  Ti-45.0Zr-8.0Ni-2.0Be  5.33 


These  four  alloys  are  Ti-^r  or  Ti-Zr-Ni  base  and  offer  significai/t  advantages  in  the 
areas  of  salt-corrosion  resistance  and  strength  over  the  silver-base  braze  alloys 
commonly  used  for  brazing  titanium.  Post-braze  thermal  treatment  was  recommended 
for  the  two  CS  series  alloys. 


Ultimate  selection  of  a  single  br.*~e  alloy  for  each  foil  structure  type  was 
made  following  aubscale  module  braze  tests  (Phase  II). 
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AT  FAILURE  (ksi) 


AS-BRAZED 

AFTER  EXPOSURE  TO 
1000  F  FOR  100  FOURS 
IN  VACUUM 


TEST  TEMPERATURE  (F) 

FIGURE  77.  THERMAL  STABILITY  TESTS  ON  CS  SERIES  BRAZE  ALLOTS; 
Lap- Shear  Tests 
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WJrjTA 


FOIL  STRESS  AT  FAILURE  (ksi) 


As-brazed  for  5  minutes 


Brazed  and  aged  1000  F  for  100  hours 
in  vacuum 


I  Magnification:  100X  j 

l  FIGURE  79.  T -JOINTS  BRAZED  WITH  CS217  ALLOY 
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Aa-bra:  for  6  ni.nutes  Magnification:  1Q0X  As -brazed  for  5  minutes  Magnification:  1000X 

FIGURE  81.  T- JOINTS  BRAZED  WITH  JS217C  ALLOY 
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1550  F  for  10  minutes  Magnification:  100X  Magnification  lo  '0 

1450  F  for  10  minutes 
Repeat  1  hour 


Magnification  1 000X  Magnification:  1000X 


FIGURE  82. 


T-JOINTS  BRAZED  WITti  CS217C  AI.LGi,  CYCLIC  ANNEALED 
CONDI  1’ION 
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Thickness  of  diffusion  /.one:  0.  5  mil 


FIGURE  80. 


HARDNESS  SURVEY  OF  CYCLIC  ANNEALED  CS217C/Ti-5Al-2.5Sn 
BRAZE  ME  NT 
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FIGURE  89.  HARDNESS  SURVEY  OF  CYCLIC  ANNEALED  CS2I7C/Ti-CAI -4V 
BRAZE  ME  NT 
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FIGURE  81, 


TEST  TEMPERATURE  (F) 

LAP-SHEAR  TESTS  ON  BRAZE  ALLOYS/Ti-5Al-2. 5Sn,  AS- BRAZED 
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FIGURE  92.  LAP-SHEAR  TESTS  ON  BRAZE  ALLOYS/T1-6A1-4V,  AS-BRAZED 
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figure  m. 


ULTIMATE  TENSILE  STRENGTH  VERSUS  TEWPSRATUR.S  OF 
7I-$Al-2.58n  AND  T1-6A1-  4V  FOITi? 
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FIGURE  97.  STRENGTH  OF  CYCLIC  ANNEALED  CS  SERIES  ALLOYS/Ti-8Al~lMo-lV 
BRAZE  ME  NTS 
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FIGURE  100.  SALT  SPRAY  CORROSION  TEST  RESULTS,  CANDIDATE  ALLOYS/ 
Ti-5Al-2.6Sn  BRAZEMENTS 
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FIGURE  101,  SALT  SPRAY  CORROSION  TEST  RESULTS,  CANDIDATE  ALLOYS/ 
T1-6A1-4V  BRAZEMENT8 
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FIGUKE  102.  DIFFUSION  BONDING  OF  TITANIUM  ALLOY  FOILS 
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FIGURE  106.  THERMAL  8T ABILITY  TEST  RESULTS,  CANDIDATE  ALLOYS/ 
T1-8A1-4V  BRAZEMENT3 
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Magnification  SOOX 


Magnification  SOOX 


CS-217F/T1-6A1-4V 


F7GURE  108.  BFvAZEMENTS  OF  CS217F  OXIDIZED  AT  1000  F  FOR  100  HOURS 
IN  ADf 


Magnification  100X 


Magnification  1C  OX 


CS-217G/T1-6A1-4V 


Magnification  50 OX 


Magnification  000X 


C8-217Q/T1-3AJ-4V 


CS-217G/Ti-5Al-2. 58n 


FIGURE  109.  BRAZEMENTS  GF  CS217G  OXIDIZED  AT  1000  F  FOR  100  HOURS 
IN  AIR 


CSiirTi-S.M-2.5Sn  Magnification  100X  CS217/Ti-5Al-2.5Sn  Magnification  600X 

FIGURE  111.  CYCLIC  ANNEALED  BRAZEMENTS  OF  CS217  OXIDIZED  AT 
1000  F  FOR  100  HOURS  IN  AIR 
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Magnification  100X 


C82I7C/Tl-r»Al-2.hSn  Magnification  800X  CS2l7C/Ti-5AI-2.5Sn  Magnification  500X 


FIGURE  112.  CYCLIC  ANNEALED  BRAZEMENTS  OF  CS217C  0XID17ED  AT 
1000  F  FOR  100  HOURS  IN  AIR 
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FIGURE  113.  CYCLIC  ANNEALED  BRAZEMENTS  OF  CS217F  OXIDIZED  AT 
1000  F  FOR  100  HOURS  IN  AIR 


FIGURE  114.  HOT-SALT  STRESS  RUPTURE  TEST  SPECIMENS 
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FKURK  116*  HOT -O AS  STRESS  RUPTURE  TEST  RIO 


FIGURE  116.  HOT-SALT  CORROSION  TEST  RIG 
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Magnification  100X 


Magnification  SOX 


Magnification  100X  Magnlfic—on  100X 

Note  liic  Crack*  itm)  ihivUlc  failure  of  5AJ  5Sc  foil 


FIC’JRE  118.  SELF-DIFFUSION  BONDED  Ti-5Al~2.5Sn  SPECIMENS  AFTER 
HOT -SALT  CORROSION  TESTING  AT  POO  F 
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KMs  Ti  - fi.\l  .  fiSn 


Magnification  SOX 


FIGURE  120.  KM  SERIES/  I'i-  5Al-2.5Sn  BRAZEMENTS  AFTER  HOT-SALT 
CORROSION  TEST  Li  G  AT  1000  F 
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Magnification  7BX 

Microphotograph  Shows  Excellent  Brazs  Flow,  No  Oxidation  And  Absolutely 
No  Cracking  Of  The  Brtt2e  Matrix  Or  The  Base  Metal  Foil. 


FIGURE  123.  CYCLIC  ANNEALED  RMS/Ti-5AI-2.5Sn  BRAZE  MENT  AFTER 
STRESS  RUPTURE  TEST  AT  1000  F 


FIGURE  124.  MTS  FATIGUE  TESTING  MACHINE 
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FIGURE  125.  SPECIMEN  HOLDING  FIXTURE  IHole-and-Pin)  IN  MTS  FATIGUE 
TESTING  MACHINE 
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FIGURE  128. 


ROOM  TEMPERATURE  FATIGUE  CURVE,  RM  SXRllf*/Ti-5Al-2.58o 
BRAZEMEKT8 
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CANDIDATE  BRAZE  ALLOY  5A1-2.  AS.1 


BRAZEMENT  TENSILE  STRENGTH  tk*>) 

FIGURE  129.  FATIGUE  STRENGTH  VERSUS  BRAZEMENT  STRENGTH,  CANDIDATE 
ALLOYS  AND  SELF-DIFFUSION  BONDED  T1-5A1-2.58&  SPECIMENS 
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H.6  TASK  VI  -  EXPLORATORY  EFFORTS  TO  OPTIMIZE  BRAZE  MATERIALS  AND 
TESTING  METHODS 

'.6.1  Effect  of  Melt  Stock  Purity  (Ti.  Zr,  Be) 

The  principal  concern  with  purity  was  the  possibly  deleterious  effect  to  braze 
alloys  resulting  from  uncontrolled  quantities  of  in'  rstitial  element  contaminants  in¬ 
advertently  added  through  commercial,  purity  me  It  sock.  It  is  well  documented  that 
small  quantities  of  dissolved  oxygen,  nitrogen,  or  carbon  in  a-Ti  (or  p-Ti)  cause 
significant  increases  in  hardness  level  (Fig.  130  and  131),  frequently  resulting  in 
undesirable  p-transformation  products  and  impairment  of  matrix  toughness.  More¬ 
over,  all  three  interstitial  element  contaminants  (O,  N,  C)  raise  the  solidus  and 
liquidus  temperatures  rapidly  with  increasing  concentration  in  the  Ti-O,  Ti-N,  and 
Ti-C  binaries  (Ref.  102).  The  same  situation  exists  for  the  corresponding  zirconium- 
base  binaries.  The  ultimate  effect  of  excessive  interstitial  content  in  Ti-Be  and 
Ti-Zr-Be  alloys  therefore  is  the  degradation  of  brazing  characteristics  as  evidenced 
by  sluggish  braze  flow,  incomplete  melting,  and  heavy  residual,  as  well  as  the  im¬ 
pairment  of  engineering  properties  of  brazements. 

It  was  the  purpose  ct  this  investigation  to  determine  whether  or  not  the  inter¬ 
stitial  contaminant  level,;  derived  from  commercial  purity  melt  stock  are  excessive 
(i.  e, ,  for  the  candidate  braze  alloy  Tf  *>7. 2Zr-5. 8 Be  and  the  basic  alloy,  Ti-5. 6Be) 
for  comparison.  The  commercial  purity  melt  stock  of  titanium  typically  contains 
1500  ppm  oxygen,  the  worst  interstitial  offender.  Commercial  purity  zirconium  has 
about  the  same  average  oxygen  content.  Commercial  purity  beryllium  (AMV  grade)  is 
made  by  a  powder  metallurgy  process  and  is  high  in  BeO  content  (typically  -15, 000 ppm 
oxygon).  Fortunately,  the  beryllium  addition  to  make  brake  alloys  is  small,  other- 
wiw  the  uniRtenUonal  addition  of  oxygen  would  undoubtedly  become  excessive.  How¬ 
ever,  even  at  the  5.6  percent  beryllium  level,  the  commercially  pure  beryllium 
addition  raiser  the  average  oxygen  concentration  of  Ti-5. 6B*  and  Ti-47, 2-5. 6  Be 
alloys  to  —  2200  ppm.  This  oxygen  level  need  not  necessarily  be  excessive ,  although 
it  ie  sufCcieutly  high  to  warrant  attention.  Vary  likely,  the  bulk  of  the  BeO  added 
during  alloying  remain#  as  tiny,  discrete,  BsO  particles  rather  than  dies'  .--ung  and 
dissolving  in  ths  titanium,  or  Tt-Zr  base  alloys.  This  is  doe  to  the  extremely  great 
stability  of  BeO  relative  to  T*-0  tmi  Z  -0  eolations  (Fig.  132).  Consequently,  the 
true  level  of  dissolved  oxygen  iw  the  brass  alloy#  migbi  well  be  closer  to  the  original 
1500  ppm  than  to  £200  ppm. 


The  actual  degree  of  importance  in  restricting  interstitial  element  contami¬ 
nants  was  assessed  by  melti;.-  Ti-5. 6Be  and  Ti-47. 2Zr-5. 6Be  alloys  with  00U1  com¬ 
mercial  purity  and  high  purity  melting  stocks  in  different  combinations;  then  comparing 
foil  brazing  characteristics,  braze  structures,  and  microhardness  of  mic  rest  rue  tural 
components. 

All  of  the  compositions  listed  in  Table  XVin  were  arc-melted  and  prepared  for 
brazing.  Brazing  characteristics  and  minimum  braze  temperatures  were  determined 
in  both  argon  atmr  sphere  and  high-vacuum  environments  onTi-5Al-2, 5Sn  (0.  OC't-inch) 
foil  T-joints.  The  test  braze  cycle  consisted  of  rapidly  heating  (~  1000  F/minute)  each 
candidate  braze  alloy  to  1700  F  (Ti-5.6Be  alloys)  or  to  1500  F  (Ti-47. 2Zi-5. 6Be 
alloys),  holding  for  two  minutes,  then  heating  at  a  controlled  rate  (50  F/minute,  100  F/ 
minute,  or  300  F/minute)  to  the  minimum  temperature  at  which  brazing  could  be  ac¬ 
complished.  The  relatively  slow  heating  rate  in  the  vicinity  of  the  braze  temperature 
was  selected  to  simulate  actual  braze  cycles. 

Holding  time  at  the  brazing  temperature  was  fixed  at  one  minute.  This  was 
followed  by  a  natural  furnace  cool  (1000  F/minute,  average)  to  room  temperature. 

The  braze  alloy  heat  of  each  nominal  composition  exhibiting  the  best  brazing 
characteristics  and  lowest  average  braze  temperature  was  then  subjected  to  an  even 
longer  braze  cycle.  The  holding  time  at  1500  and  1700  F  was  exteuted  from  two 
minutes  to  five  minutes;  followed  by  heating  at  the  median  rate  of  100  F/minute  (both 
argon  and  vacuum  environments).  Any  deterioration  of  brazing  characteristics  or 
change  in  minimum  flow  temperature  waa  then  recorded.  Finally,  all  test  brazements 
were  mounted  for  metal  logrvphir  examination.  Typical  braze  men  t  microstructures 
are  shown  m  Figures  133  through  136. 

The  results  from  the  Ti-5.6Be  modification*  are  shown  in  Table  LJ11.  te 
both  argon  and  vacoum  and  at  all  heating  rates,  the  heats  with  the  lower  interstitial 
element  contents  (No,  1-23  and  1-24)  yielded  significantly  lower  braze  temperatures 
(typically,  50  degrees  F  lower  within  a  range  of  from  25  to  75  F) .  The  heat  with  the 
highest  interstitial  content  (No.  1-1)  required  braze  temperatures  z  ?')00  F  for  all 
heating  rates  except  one.  All  braze  alloys  were  shown  capable  of  being  used  at  each 
heating  rate;  there  being  no  strong  trend  relating  heating  rate  sad  minimum  braze 
temperature.  However,  heats  No.  1-23  and  1-24  were  capable  of  be  fig  brazed  at  just 
12:A  V  it  either  50  F/minute  (vacuum)  or  at  50  F/mimte  and  160  P/minute  (argon). 


TABLE  Lin 


EFFECT  OF  BRAZE  PURITY  ON  BRAZE  TEMPERATURE 
AND  BRAZINC  CHARACTERISTICS  (Ti-5.8Be  Alloy) 


At  faster  heating  rates  of  100  F/minute  and  300  F/minute  (vacuum)  or  300  F/minute 
(argon),  higher  braze  temperatures  in  the  range  of  1970  to  2000  F  were  required. 

This  rate-dependent  behavior,  although  reversed  from  the  expected  trend,  suggests  a 
certain  sensitivity  to  minor  changes  in  braze  surface  composition  (pr»  "mmably  Be 
concentration).  The  phenomenon  appeared  to  be  exaggerated  by  vacuum  environment, 
inasmuch  as  the  5-minute  hold  at  1700  F  resulted  in  appreciable  unmelted  residue  on 
subsequent  brazing  in  vacuum,  but  not  for  the  same  heat  (No.  1-24)  when  brazed  ;n 
argon.  Also,  the  heats  brazed  in  vacuum  exhibited  higher  minimum  braze  tempera¬ 
tures  (averaging  12  to  37  degrees  F  higher)  than  the  same  heats  brazed  in  argon.  This 
may  indicate  that  argon  pressure  serves  to  inhibit  or  slow  down  undesirable  changes 
in  braze  surface  chemistry  (e.g. ,  beryllium  evaporation  or  surface  diffusions 

The  most  important  observations,  however,  are: 

•  The  heat  with  the  lowest  interstitial  content  (No.  1-24)  was  observed  to 
have  the  best  brazing  characteristics  of  all  in  terms  of  superb  braze 
fluidity,  smooth  and  continuous  fillets,  sound  microstructure,  and  ease 
of  brazing. 

•  The  heat  with  the  lowest  interstitial  content  (No.  1-24)  tended  to  melt 
and  flew,  leaving  negligible  unmelted  residue  (one  minor  exception  in 
six  attempts).  This  implied  more  efficient  utilization  of  beryllium  than 
the  other  heats,  all  of  which  displayed  marked  tendencies  to  leave  im- 
meited  residue. 

•  The  minimum  braze  temperature  of  the  high  purity  heat  (No.  1-241 
varied  between  1950  and  2000  F,  depending  upon  process  heating  rate 
and  environment. 

*T'he  results  from  the  Ti-47.2Zr-5.6Be  modifications  showed  similar  trends 
with  regard  to  the  variables  of  interstitial  element  content  and  braze  cycle  (Table  LFV). 
Braze  temperatures  were  considerably  lower  due  to  the  zirconium  addition.  With 
but  one  exception  in  six  trials,  the  hent  with  lowest  interstitial  content  (No.  13-4) 
exhibited  the  lowest  braze  temperaturss  of  the  three  best*  in  each  series  (though  the 
temperature  progressions  were  not  systematic  in  every  easel.  Keat  No.  13-5  could 
net  be  included  in  this  general  investigation  because  the*  high-purity  Zr  arrived  loo 
Ute.  However,  subsequent  work  with  heat  No.  13-5  showed  it  to  be  very  similar  in 
braze  performance  and  structure  to  Heat  No,  13-4.  The  minimum  braze  temperature 
was  observed  to  vary  throughout  the  survey  between  1600  and  1700  F,  with  the  lower 
minimum  occurring  in  vacuum  for  Heat  No.  13-4.  (For  the  Ti-5.6Be  heats,  the  lower 
miniroums  occurred  in  ergon,  suggesting  a  reversal  ic  braze  surface  effects  at  the 
lower  process  temperatures.)  The  effect  of  besting  rate  cm  minim  tun  braze  temperature 
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I  again  was  vague,  and  certainly  not  consistent  froir.  heat  to  heat  nor  from  argon  to 

vacuum  for  a  given  heat.  Good  brazements  were  produced  under  all  test  conditions. 

|  Corroborative  evidence  that  the  influence  of  braze  or  foil  surface  phenomena  is  neg¬ 

ligible  at  1600  to  1700  F  comes  from  i,he  extended  hold  teat  at  1500  F  (5  minutes) 
prior  to  brazing.  In  neither  argon  nor  vacuum  were  the  brazing  characteristics 
altered  by  extended  holding;  in  .act,  the  braze  temperature  was  30  degrees  F  lower 
than  anticipated  in  argon. 

Again,  the  most  impv,rt£jret  observations  were: 

•  The  heat  with  the  lowest  interstitial  content  (No.  13-4)  displayed  the 
most  outstanding  braze  characteristics  of  all  in  terms  of  braze  fluidity, 
smooth  and  continuous  filleting,  sound  brazement  structures,  and  ease 
of  braziJig.  in  these  respects.  Heat  No.  13-4  was  superior  to  Heat 
No.  1-24. 

9  i  tie  heat  with  the  lowest  interstitial  content  /No,  13-4',  leaded  to  wholly 
melt  and  flow,  leaving  negligible  unmelied  residue.  All  other  heats, 
with  the  exception  of  Heat  No.  13-3  in  vacuum,  left  appreciable  unmelted 
residue??,  (This  was  invariably  true  at  heating  rates  of  100  .F/minute 
and  300  F/minute.  At  the  siower  rate  of  50  F/minute,  some  moderate 
ur  melted  residue  and  braze  sluggishness  were  noted,  indicating  (.he 
advisability  of  controlled  heating  rates  in  L  azing  with  No,  13-4. ) 

3.6.2  Effects  of  Braze  Holding  Tim'  and  Cooling  Bate 

The  relative  effects  and  importance  of  braze  purity,  braze  cycle  heating  rate, 
and  braze  process  environment  were  previously  studied  and  discussed.  In  this  follow¬ 
up  study  on  basic  Ti-5.6Be  and  Ti-47.2Zr-5.6Be  braze  alloys,  the  effects  of  the 
following  process  variables  were  investigated: 

•  Holding  time  at  the  minimum  braze  temperature,  (Periods  of  1,  5,  and 
25  minutes  were  selected  to  represent  a  reasonable  range  of  actual  braze 
Urnes  encountered  in  practice.  All  prior  braze  screening  studies  were 
restricted  to  1  minute  holding  time.) 

•  Cooling  rate  from  the  braze  temperature  to  1590  F  (Ti-47.2Zr-5.6Be) 
or  to  1700  F  (Ti-5.8Be).  Disparate  i  .tes  of  1000  F/minute  (natural 
furnace  cool)  and  25  F/minute  (controlled  furnace  cool)  v,  re  chosen 
for  the  aforementioned  temperature  ranges,  characterized  by  the 
occurrence  of  brazement  solidification. 

The  high  purity  heats  (No.  1-24)  and  (No.  13-4)  were  used  in  this  study.  Six- 
mil  foil  T~Joinf  s  of  Ti-5Al-2. 5Sn  alloy  were  brazed  in  a  high-vacuum  environment. 
This  was  the  same  T-Joint  configuration  used  in  previous  teats,  A  constant  heating 
rate  of  100  F/minute  was  employed  from  the  1500  F  or  1700  F  equllization  tempera¬ 
tures,  as  in  previous  work.  Braze  temperatures*  of  2000  F  (No.  1-24)  and  1700  F 
(No.  13-4)  were  used. 
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Holding  time  at  the  braze  temperature  was  considered  an  important  variable 
to  be  checked  for  two  reasons.  First,  the  potential  for  contamination  of  the  liquid 
braze  system  $nd  the  titanium  foils  increases  systematically  with  increased  process 
time.  Virtual  leak  sources  of  interstitial  element  contaminants  abound  even  in  high 
vacuum,  sad  the  liquid  titanium-  and  Tl-Zr  base  braze  alloys  (and  program  alloy  foils! 
provide  an  immense  sink  for  them  Second,  increased  braze  holding  time  nermiti-  the 
liquid  braze /solid  foil  system  greater  opportunity  to  reach  thermodynamic  (composi¬ 
tional  and  Structural)  equilibrium.  For  the  liquid  braze  alloy  whose  composition 
place?  it  far  from  thermodynamic  equilibrium  with  the  solid  foils  it  is  to  join,  the 
ultimate  result  is  often  severe  erosion  and  dissolution  of  the  fells  by  the  liquid  braze. 
(However,  this  requires  the  allowance  of  sufficient  time  for  the  mechanism  of  braze 
eroalou  k;  be  activated.)  Naturally,  the  higher  the  braze  mperature for  a  given 
degree  of  themodynamic  imbalance,  the  shorter  the  required  time. 

The  results  of  the  subject  investigation  are  shown  m  Figures  13?  and  138. 

In  the  case  of  the  higher  temperature  braze  alloy  Ti-5.  SBe  (No.  1-24);  marked 
advances  in  the  degree  of  foil  erosion  with  process  time  were  noted.  K rosier,  at  the 
1 -minute  brass  cycle  was  negligible  (Fig.  137).  After  the  5- minute  braze  cycle,  the 
foils  immediately  adjacent  to  the  liquid  braze  appeared  to  be  consumed  (an  estimated 
15  to  20  percent,  minimum).  Some  minor  surface  roughness  was  observed,  but  tnere 
was  no  undercutting  of  the  foil  or  thinning  of  the  fillet.  After  the  25-minute  braze 
cycb,  the  vertical  mid  horizontal  foil  members  in  the  joint  region  were  largely  con- 
er  '  ed  by  the  braze,  and  few  discernible  vestigea  of  the  foils  remained  in  the  braze 
joint.  (The  joint  structure  was  essentially  that  of  a  easting,  rather  than  a  braze.) 

In  spite  of  the  condition,  described,  no  adverse  washing,  undercutting,  or  foil 
thinning  effects  wove  noted,  • 

MetaliograpWc  examination  of  the  Ti-47.2Zr-5.6Be  (No,  13-4)  brazements 
made  at  1700  F  revealed  no  serious  alteration  of  the  titanium  foil  microstructure, 
even  after  the  25  minute  braze  cycle  (Fig.  138).  In  contrast,  all  of  the  titanium  foils 
brazed  with  Ti-5.6Bo  at  2000  F  shewed  a  gross  Widmanstatten  pattern  of  coarse  alpha 
frW*.  char  IttCristic  ef  titanium  alloys  heal  chi’  Ins  ‘/ertently  into  the,  beta  embrittle¬ 
ment  range  (above  the  beta  transus).  This  foil  structure  was  evident  even  alter  the 
1 -minute  braze  cycle  at  2000  F, 


The  most  important  difference,  however,  was  in  the  degree  and  nature  of  foil 
erosion.  No  significant  erosion  was  noted  for  the  l-minute  braze  cycle  at  1700  F. 
After  the  5-minute  braze  cycle,  the  vertical  foil  members  in  contact  with  the  liquid 
braze  were  observed  to  be  uniformly  thinner,  some  8  to  17  percent.  Aftis  the  25- 
minute  braze  cycle,  the  unaffected  portion  of  each  vertical  foil  member  <trew  still 
tbimser  (an  average  25  percent,  to  a  thickness  of  about  4-1/2  mils).  These  amounts 
of  foil  dissolution  were  significantly  less  than  those  experienced  with  he  Ti-5,6Be 
alloy.  Of  paramount  importance,  the  braze  fillet  surface  (No.  13-4)  remained  smooth 
wfeere  it  initially  met  the  foil  surface,  with  no  sign  of  foil  undercutting,  washing,  or 
foil  thinning.  An  interesting  structural  feature  of  the  brazements  made  Wiui  ucat 
No.  13-4  was  the  uniform,  primary  beta  solidification  occurring  on  titanium  foil  sur¬ 
face  contacting  the  liquid  braze.  The  presence  of  pro-eutectic  beta  solidification 
indicated  that  the  braze  (originally  &  eutectic)  was  made  progressively  hypoeutectic 
with  regard  to  beryllium  by  continuing  foil  dissolution.  The  volume  of  primary  beta 
obviously  increased  with  longer  braze  times.  Primary  beta  was  strongly  promoted 
also  by  the  slower  solidification  rate;  the  fast  solidification  rate  clearly  suppressed 
primary  beta.  As  shown  in  Figure  138,  solidification  fronts  (from  vertical  and 
horizontal  foil  members)  actually  met  and  fused  together  for  combinations  of  long 
brazing  time  (25  minutes)  and  slow  solidification  rate  (25  F/miimte).  These  solid 
"bridges”  of  primary  beta  are  structurally  similar  to  the  foils  themselves  and  might 
tend  to  negate  any  detrimental  effect  of  (partial)  titanium  foil  dissolution.  In  fact,  the 
"bridges"  of  the  primary  beta  phase  constitute  a  rudimentary  form  oi  solid-state  bond, 
hence  joint  strength  and  reliability  could  well  be  enhanced  by  their  presence. 

3.6.3  Effect  of  Braze  Process  Over- Temperature 

To  ensure  overall  attainment  of  the  minimum  braze  temperature  in  5«  sizing 
large  foil  structures  by  radiant  heating,  if  is  often  necessary  to  overheat  portions  of 
each  structure  as  much  aa  100  to  200  degrees  F  beyond  the  minimum  braze  tempera¬ 
ture,  and  to  hold  at  this  temperature  for  as  long  as  30  to  60  minutes.  This  situation  is 
the  result  of  some  foil  structures  acting  as  large,  natural  heat  shields  (©.  g. ,  tube- 
and~*in  beat  exchai  gers).  To  determine  the  effect®  off  such  extended  overtemperatur© 
cycles  on  braze  structure,  it  was  decided  to  braze  and  evaluate  Ti-5Al-2. 5Sn  fc  l 
T~ joints  using  selected  CS  and  RM  series  alloys. 


The  following  program  was  conducted: 


Minimum  Braze 
Temperature 


Braze  Alloy  (F) 

CSI3-5  1620 

RMl  1650 

RMS  1470 

RMl  2  1670 


Actual  Braze  Cycles  Studied 
Temperature  Braze  Time 


(F) 

(min) 

1825 

60  j 

All  alloys 

1700 

30  1 

1600 

30  J 

i 

TM8  only 

1500 

30  ( 

Severe  erosion  of  the  0. 006-inch  foils  was  noted  for  all  braze  alloys  follow¬ 
ing  the  1825  F,  60-minute  bra*e  cycle  (Fig.  139  through  141).  Heavy,  primary  beta 
bridge  formation  was  associated  with  the  erosion,  p’.uough  actual  bridging  of  the  beta 
solidification  fronts  was  imperfect  in  all  cases.  Because  of  the  high  braze  tempera¬ 
ture  and  thep  stabilization  afforded  by  zirconium,  beryllium,  and  nickel  infiltration 
from  the  braze  alloys,  the  1825  F  brtire  oydb*  obviously  placed  the  primary  beta 
solids  well  above  the  beta  transus  temperatures.  This  r  suited  In  a  coarse  Widman¬ 
statten  pattern  of  (tr+0)  in  the  bridge  structures  on  cooling.  Although  the  uneroded 
portions  of  foils  remained  all-alpha  during  the  braze  cycle,  the  severe  foil  erosion  in 
the  fillet  regions  coupled  with  the  presence  of  beta-embrittlement  type  structure  in 
the  primary  bridge  material  (also  in  the  fillet  region;  could  readily  prove  deleterious 
to  br&zamsat  strength  and  toughness.  No  marked  tendency  toward  foil  undercutting 
was  observed,  but  the  fillet  surfaces  appeared  moderately  rough,  which  also  was  a 
bad  structural  aspect.  The  RMl  alloy  appeared  the  worst  offender  in  all  the  structural 
changes  discussed  141), 


Brazements  made  at  1700  F  for  30  minutes  also  underwent  signficant  foil 
erosion  as  well  as  similarly  undesirable  structural  transformation  in  beta  bridges, 
but  to  a  lesser  degree  than  at  1825  F.  At  shown  in  Figures  142  and  143,  the  structures 
appeared  marginal  anU  might  be  considered  tolerable  to  ensure  brazing  throughout  a 
foil  structure,  r  j  fact  that  the  lower  melting  alloy,  RMS,  produced  erosion  patterns 
and  bridges  of  primary  solid  at  1700  and  1825  F  very  similar  to  the  other  braze  alloys 
at  1700  and  1825  F,  helped  signify  that  the  degree  of  erosion  and  bridging  are  pri¬ 
marily  functions  of  the  braze  temperature  for  the  family  of  titanium- zirconium  base 
compositions  studied.  (Even  at  1600  F,  the  titanium  foils  suffered  easily  recognized 
erosive  attack  by  RM8  in  30  minutes  (Fig.  144);  however,  as  shown  in  Figure  145,  a 
safe  maximum  braze  temperature  for  RMS  appeared  to  be  1500  F.)  ha  any  event,  it 
was  shown  that  extended  braze  cycles  involving  over-temperature  (as  little  as  30  to 
50  degrees  F  above  the  minimum  flow  temperature)  can  result  in  appreciable  foil 
erosion  and  undesirable  braze  structures.  Consequently  over-temperature  situations 
must  be  carefully  controlled  to  limit  process  time. 

3. 6.4  Study  of  Micro  structural  Components 

To  better  understand  the  behavior  and  predict  the  applicability  of  the  candidate 
braze  alloys  (Tl-5. 6Be  ana  Ti-47. 22r-5. 6Be),  a  study  was  conducted  of  their  micro- 
structural  components  as  well  as  those  of  braze-affected  foils  (T1-5A1-2.  oSn),  All 
foil  brazements  made  for  the  melt-stock  purity  study  using  Heats  No.  1-1,  1-23, 

1-24,  13-1,  13-3,  and  13-4,  as  well  as  the  arc-melted  button  ingots  of  these  heats 
were  examined  metallographically.  The  work  comprised  classifying  all  the  micro- 
structural  components  and  determining  the  relative  hardnesses  through  microhardness 
surveys.  Approximate  hardness  readings  were  taken  using  the  Vickers  microhardness 
tester  indentor  (DPH-100  gram  indentor  load). 

The  Tl-5.6Be  braze  ingot  structure  is  composed  predominantly  of  a  very 
finely  divided  eutectic,  the  phases  involved  being  the  terminal  titanium  solid  solution 
(—  0.1  to  1. 0  percent  beryllium  in  solution)  and  the  first  titanium  beryllide  (TiBe2) 
as  shown  in  Figure  146.  The  hardness  of  the  eutectic  varies  widely  in  the  range 
Rc40  to  59^\  presumably  the  result  of  varying  beryllide  concentration  in  the  eutectic, 
real  or  apparent.  An  apparent  variation  could  arise  from  different  beryllide  particle 


1.  DPH  readings  were  converted  to  the  Rockwell  "C"  scale  for  more  practical  com- 
narisons 
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sizes,  orientation,  and  morphology  within  the  same  brazement.  The  most  typical 
range  of  eutectic  hardness  is  Rc45  to  50.  No  recognizable  trend  in  eutectic  hardness 
variation  was  seen  for  changes  in  braze  purity  level  (ingot  or  brazement)  or  brazing 
environment.  The  sporadic  occurrence  of  massive  beryllide  particles  was  noted  in 
some  brazements.  The  random  distribution  of  the  massive  beryllide  and  its  infrequent 
occurrence  in  brazements  suggested  that  it  was  an  unassimilated  ’"emnant  of  the 
^oarse  ingot  structure,  and  not  necessarily  pro-eutectic  by  nature.  The  hardness  of 
the  beryllide  is  quite  high,  as  anticipated  (R^63  to  71).  Occasional  islands  of  primary 
titanium  solid  solution  (aor  p-Ti)  were  seen  in  the  braze  joint  structure,  probably 
the  result  of  local  beryllium  deficiency  (effectively  creating  a  hypoeutectic  composition). 
These  titanium  islands  are  soft,  about  the  same  hardness  as  the  titanium  alloy  foils 
before  the  brazing  cycle  (Rc33  to  34).  The  qualification,  "before  the  brazing  cycle" 
must  be  used  because  the  2000  F,  1-minute  braze  treatment  can  result  in  appreciable 
hardening  of  the  exposed  VI  members  in  and  adjacent  to  the  braze.  This  hardening 
was  due  presumably  to  interstitital  element  contamination  and  beta  embrittlement 
pher  -nena  at  this  high  temperature  (both  argon  and  high  vacuum  environments).  Foil 
hardness  post-brazing  varied  considerably,  but  readings  as  high  as  R^.47  were  found. 
The  most  common  hardness  range  was  R^.37  to  44,  although  pockets  of  low  original 
hardness  could  still  be  found  (Rc30  to  35). 

All  of  the  preceding  comments  have  been  made  in  reference  to  Ti-5. 6Be 
brazements  produced  by  the  standard  one-minute,  2000  F  braze  cycle.  The  prolonged 
vacuum  braze  cycles  (5  and  25  minutes)  evaluated  later  added  little  new  information 
because  of  the  strong  but  variable  foil  dissolution  effects  observed  which  produced 
very  confused  braze  structures  (Fig.  137).  In  general,  the  quantity  of  eutectic 
structure  was  decreased  by  the  longer  braze  cycles,  being  replaced  by  a  titanium- 
rich  conglomerate  with  variable  structure  and  variable  hardness  (Rc35  to  45) .  The 
foil  hardness  continued  variable  with  numerous  high  readings  (2  R^40)  for  the  five- 
and  25-minute  cycles.  After  the  25-minute  cycle,  surface  zones  of  highly  contami¬ 
nated,  untransformed  alpha  phase  also  were  observed  upon  the  exposed  foil  surfaces. 
This  surface  phenomenon  indicated  that  the  increased  concentration  of  alpha-stabilizing 
interstitials  had  served  to  boost  the  new  beta  transus  >  2000  F.  The  hardness  of  these 
alpha  bands  was  found  to  be  RC4G  to  45. 
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More  meaningful  and  optimistic  data  resulted  from  the  study  of  the  Ti-47. 2Zr- 
5.6Be  alloy.  Here  again,  the  braze  structure  v/as  composed  predominantly  of  a  very 
finely  divided  eutectic  and  a  light  etching  region  (Fig.  135  and  136).  A  dark  etching, 
filigreed  region  (about  one-fourth  the  area  of  the  light  region)  frequently  was  observed 
in  intimate  association  with  the  light  etching  eutectic.  This  dark  region  may  have  con¬ 
stituted  a  second  eutectic  involving  a  complex  beryllide,  which  would  be  possible  in 
the  ternary  Ti-Zr-Be  system.  However,  because  the  hardnesses  of  the  two  regions 
were  similar  and  their  microstructures  also  similar,  the  two  regions  are  discussed 
here  as  a  unit  (the  eutectic  structure). 

A  careful  study  of  the  eutectic  structure  in  arc-cast  button  ingots  (Heat 
No.  13-4)  revealed  two  important  features: 

•  The  Ti-Zr  so) id- solution  phase  predominated  volume-wise  in  the  eutectic, 
and  was  the  continuous  matrix  phase  (Fig.  147).  Therefore,  it  was 
reasoned  that  the  eutectic  structure  possessed  a  good  change  of  being 

a  strong  and  tough  engineering  material,  if  the  stress-raising  potential 
of  the  beryllide  could  be  minimized.  Of  course,  a  hypereutectic  braze 
composition  (with  respect  to  beryllium)  worn,,  be  intolerable  because 
brittle  proeutectic  beryllide,  especially  h.  connected-network  form, 
would  tend  to  cancel  out  the  toughness  advantage  of  the  eutectic  structure. 
Consequently,  it  was  also  felt  that  a  sbghtly  hypoeuteetic  braze  might  be 
more  advisable  than  a  straight  eutect.c,  from  the  standpoint  of  promot¬ 
ing  a  safety  margin  for  toughness. 

•  The  semicontinuous,  dendritic  pattern  of  beryllide  in  the  eutectic  (inget 
form)  could  coalesce  In  certain  regions  during  brazing  and,  thus,  being 
made  massive,  resist  complete  dissolution  by  the  liquid  braze.  The 
massive  beryllide  particles  seen  in  brazements  might  be  formed  in  this 
way. 

The  systematic  variation  in  eutectic  hardness  showed  a  definite  influence  de¬ 
rived  from  both  braze  purity  and  braze  process  environment.  For  example,  the 
eutectic  resulting  from  argon  brazing  using  Heat  No.  13-1,  formulated  from  com¬ 
mercial  purity  stock,  possessed  the  highest  hardness  (Rc54.3  average).  As  the  braze 
purity  was  increased  by  using  higher  purity  melt  stoc’.,  the  eutectic  hardness  was 
progressively  reduced  (Rc51. 8  average  for  Heat  No.  13-3  to  Rc51.1  average  for 
Heat  No.  13-4).  A  similar  progression  was  noted  for  vacuum  brazing,  except  that 
the  eutectic  hardnesses  generally  were  lower  than  for  argon  brazing  (e.  g. ,  R^52. 1 
average  for  Heat  No.  13-1,  Rc51.8  average  for  Heat  No.  13-3,  and  R^.49. 1  average 
for  Heat  No.  13-4).  It  was  felt  that  the  reduction  in  eutectic  hardness  by  using  high- 
puruy  melt  stock  reflects  the  corresponding  reduction  in  hardness  of  the  Ti-Zr  solid 
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solution  (component  of  the  eutectic  structure)  due  to  reduced  levels  of  interstitial 

contaminants  in  this  phase.  The  same  reasoning  applied  to  the  lower  eutectic  hard- 

-4 

nesses  acquired  through  vacuum  brazing,  since  a  high  vacuum  environment  (10  to 

-5 

10  Torr)  is  inherently  a  poorer  source  of  interstitial  contaminants  than  is  the  best 
gettered  argon  atmosphere. 

A  considerably  more  massive  berylltde  phase  (R^65  to  68)  was  observed  in 
Ti-47. 2Zr-5. 6Be  braze  structures  than  with  Ti-5. 6Bc.  The  observation  suggested 
that  the  composition  Ti-47.2Zr-5.6Be  (or  certain  graded  particle  sizes  of  this  alloy) 
might  be  slightly  hypereutectic  with  respect  to  beryllium.  This  thought  was  strength¬ 
ened  by  the  absence  of  proeutectic  titanium  islands  within  the  braze  following  the  one- 
minute  braze  cycle.  Of  course,  primary  beta  solidification  was  noted  on  foil  surfaces 
following  prolonged  interaction  with  titanium  foils. 

All  of  the  preceding  comments  have  been  in  reference  to  Ti-47. 2Zr-5.6Be 
brazements  produced  by  the  standard  one- minute,  vacuum  or  argon  braze  cycle.  The 
prolonged  vacuum  braze  cycles  (5  and  25  minutes)  evaluated  developed  some  interest¬ 
ing  additional  structures  and  results  (one  being  the  primary  beta  solidification  fronts 
just  mentioned).  For  example,  the  rapidly  cooled  brazements^  of  Heat  No.  13-4 
showed  a  progressive  increase  in  eutectic  hardness  with  increased  braze  time 
(R_49. 1  average  for  one  minute,  R„52  average  for  five  minutes,  and  R-,56. 7  for 

t 

25  minutes).  This  progression  was  expected  due  to  atmospheric  contamination:  how¬ 
ever.  it  was  discovered  the.  the  eutectic  hardness  for  all  braze  times  investigated 
could  be  lowered  to  a  near  common  level  (considering  probable  differences  in 
interstitial  contaminants)  by  controlled  slow  cooling  (25  F/minute  to  1500  F)  post- 
braze.  Slow  cooling  results  in  hardness  levels  of  Rc48. 7  for  one  minute,  R^49. 8 
for  five  minutes,  and  Rc51. 5  for  25  minutes.  This  study  outlined  the  two  possible 
advantages  of  controlled  slow  cooling  post- braze;  viz.  reduced  eutectic  hardness  and 
promoted  formation  of  primary  beta  ’’bridges",  R  also  suggested  the  possibility  that 
even  lower  eutectic  hardnesses  might  result  from  optimized  annealing  treatments, 
poat-braze,  to  relieve  "casting"  stresses  and  to  coalesce  and  spheroid! ze  the  beryllide 
particles  In  the  eutectic  rendering  them  less  effective  as  stress  raisers.  The 


1.  In  all  except  special  cases,  test  specimen  brazements  normally  were  rapidly 
cooled  (natural  furnace  cool  at  the  rate  of  ~  1000  degrees  F/minute. 
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combined  effect  of  lower  eutectic  hardness  and  altered  beryilide  morphology  could 
act  to  alleviate  the  problem  of  marginal  braze  toughness. 


Finally,  the  relatively  low  braze  temperature  of  1700  F  (and  associated  low 
interstitial  absorption  rates)  permitted  the  retention  of  original  foil  hardness  and 
structure,  even  for  the  long  25-minute  braze  cycles.  (This  result  was  in  contrast  to 
the  high  foil  hardnesses  and  coarse  Widmanstatten  structures  obtained  with  Ti-5.6Be 
at  2000  F. )  Foil  hardness  varied  considerably  but  m  ver  exceeded  R^.36,  the  typical 
range  beiug  R^.25  to  35.  The  primary-beta  structures  of  Heat  No.  13-4  possessed 
hardnesses  intermediate  between  those  of  the  foils  and  the  eutectic.  The  variation  in 
primary-beta  hardness  showed  the  influence  of  braze  cycle  time  and  solidification 
rate  (e.g. ,  for  the  rapid  cool  -  Rc35  ior  one  minute,  Rc38  for  five  minutes,  and 
R^-,40  for  25  minutes;  and  for  the  controlled  slow  cool  -  R^33  for  one  minute,  Rj-39 
for  five  minutes,  R^35  for  2„  minutes). 

3.6.5  Braze  Particle  Size  Effects 

It  was  recognized  that  in-situ  brazing  of  titanium  foil  structures  (Phase  II) 
would  require  finely  graded  braze  particles  (<100  mesh  powderB).  To* determine  the 
suitability  of  Tl-47.2Zr-5.6Be  braze  alloy  as  a  braze  material  in  fine  mesh  sizes, 
40-gram  portions  of  facsimile  heats  (No,  13-4  and  No.  13-5)  were  mechanically  crushed 
and  graded  for  brazing  of  Ti-foil  T-Joints  (0.  006-lnch  thick  Ti-  5A1-2. 5Sn  foils).  The 
mesh  sizes  used  were: 


Mesh  Size 

Typical 
Yield 
<wt  %) 

Comment 

+12 

14,4 

-  12/+24 

32.8  f 

j  Size  particles  used  in  conventionally 

-  24  A  35 

24.9  J 

(  loaded  braze  screening  tests. 

-  35A48 

10.2 

• 

-  48/+10O 

10.7 

-100A200 

3.7  j 

j  Applicable  to  in-situ  brazing 

-200/+400 

2.4  J 

f  techniques. 

¥ 

-400  (fines) 

0.9 

100.0 

« 
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It  was  evident  that  the  greatest  yield  by  mechanical  crushing  occurs  for  the 
intermediate  mesh  size  of  -12/+35.  Typical  foil  brazing  tests  were  conducted  in 
high  vacuum  at  1650  to  1700  F,  using  a  standard  heating  rate  of  100  degrees  F/minute 
and  a  braze  holding  time  of  five  minutes.  Brazing  wac  carried  out  using  ail  graded 
particle  sizes  except  -400  (fines).  Various  braze  loading  arrangements  were  tried 
(one  lump  on  one  side,  one  lump  on  each  side,  etc. ),  but  the  method  settled  on  as 
best  was  uniform  distribution  of  particles  along  both  sides.  This  also  provided  the 
closest  simulation  of  In-situ  loading  technique.  Braze  loads  were  maintained  constant, 
the  same  level  as  for  screening  tests.  The  results  were  gratifying  in  that  all  particle 
sizes  (except  one)  of  both  beats  produced  good  brazements  and  exhibited  uniformly 
excellent  brazing  characteristics  (Fig.  148).  Minimal  foil  dissolution  was  observed, 
about  the  same  as  that  determined  in  previous  tests.  The  one  apparent  exception  was 
the  particle  size.  -100/+200  mesh,  of  both  heats.  As  shown  in  Figure  149,  this  frac¬ 
tion  resulted  in  inordinate  and  complete  foil  dissolution,  washing  erosion,  end  foil 
undercutting. 

The  most  logical  explanation  for  this  behavior  called  for  the  initial  braze 
linuid  to  be  rich  in  beryllium  and  improveriahed  with  respect  to  titanium  (the  fraction 
in  question  must  be  chemically  segregated  and  strongly  hypereutectic  »ith  respect  to 
beryllium).  Brazing  at  1700  v  with  such  a  thermodynamically  unbalanced  composition 
would  obviously  tend  to  react  with  and  erode  the  titanium  foil  as  the  solid/liquid 
system  is  activated  toward  chemical  equilibrium.  Chemical  segregation  of  the  type 
described  can  be  brought  about  by  the  physical  segregation  of  two  dissimilar  phases 
during  crushing  and  screening  of  a  multiphase  structure  (in  thin  cise,  the  eutectic 
structure  of  Ti-47.2Zr-5, 6Be).  Having  the  two  phases  dissimilar  In  resistance  to 
mechanical  disintegration  would  promote  this  segregation  tendency.  The  softer, 
titanium-rich  solid  solution  actually  does  tend  to  flatten  out  and  resist  breakdown  and 
is  concentrated  in  the  heavier,  larger  particle  sizes.  At  the  opposite  end,  the 
beryllium-rich  beryllide  phase  is  hard  and  friable  and  does  tend  to  concentrate  in  the 
finer  particle  sizes.  As  long  as  intermediate  to  large  particles  are  employed  in 
brazing,  any  segregation  tendency  is  masked.  This  is  true  because  the  eutectic 
structure  is  fine  (relative  to  the  larger  particle  diameters)  and  the  titanium  matrix 
phase  is  continuous,  effectively  barring  the  loss  of  fine  splintered  beryllide  particles 
except  at  exposed  surfaces  epical  button  ingot  Structure  Is  shown  in  Figure  150. ) 
Note  that  the  -12A24  particle  she  (average  diameter  a  0. 040  inch)  ia  groee  compared 
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with  the  fine  detail  of  the  eutectic.  However,  the  average  diameter  of  the  -100/+200 
particle  size  is  only  scout  0. 004  inch,  roughly  the  same  order  of  magnitude  as  the 
eutectic  detail.  Hence,  splintered  beryllide  particles  could  readily  escape  composite 
particles  of  this  finer  size  and  concentrate  by  gravity  separation  within  this  fraction 
or  in  finer  fractions.  Segregation  within  the  fraction  pi obablv  explains  the  sporadic 
occurrence  of  severe  erosion,  inasmuch  as  only  normal  foil  dissolution  was  noted 
for  the  same  troublesome  fraction  (-100/+200)  of  Heats  Nos.  13-5  and  13-4  du  'ing 
most  repeat  runs  (Fig.  151). 

To  circumvent  the  mechanism  which  promotes  beryllium  segregation  in  fine 
particle  sizes.  Solar  investigated  the  use  of  a  hydriding  process  prior  to  comminution. 

It  was  ho  pea  that  hydrogen  absorption  would  render  the  titanium  solid  solution  phase 
brittle,  therefore  as  (rialA  and  readily  crushed  to  fine  particle  sites  as  the  beryllide 
phase.  In  practice,  coarse  particles  of  Heat  No.  13-5  were  exposed  to  flowing  dry 
hydrogen  in  a  Vycor  tube  furnace  for  a  period  of  0.  5  hour  at  1330  F.  (It  was  found 
that  the  braze  particles  increased  1  to  2  percent  in  weight  because  of  hydrogen 
absorption. )  All  of  the  hydrided  braze  material  wsb  crushed  to  s  200  mesh  and 
gTaded  for  brazing  at  -200/+400  mesh.  High  yields  (>90  percent  of  original  ingot 
weight)  were  obtained  for  this  particle  size.  In  fact,  the  material  was  to  friable 
that  the  -100/+200  mesh  fraction  could  not  be  obtained.  Next,  hydrogen  was  removed 
from  the  braze  by  heating  in  a  high  vacuum  envimnment  (1. 0  x  H<  Terr  or  better) 
at  1 100  F.  Braze  holding  times  of  250  to  500  seconds  produced  the  bert  results  in 
subsequent  brazing  trials.  It  was  found  ti  ...  this  urviformily  sized  braze  material 
performed  exceptionally  well  In  T-}oin*  foil  brazing  at  1700  F.  Only  normal  foil 
dissolution  occurred  in  five  brazing  attempts  (Fig.  1 52).  It  was  concluded  (tentatively) 
that  hydrtding  is  a  suitable,  high-yield  procedure  for  procuring  uniform  and  unseg¬ 
regated  Pne  particle  sizes  of  Ti-47.  T£r-5.  6Be  alloy  where  required  (as  in-sltu 
brazing*.  However,  hydriding  was  not  incorporated  aa  a  standard  procedure  for 
braze  alloy  production.  Instead,  homogenization  heat  treatment  of  button  iu«,ots 
(prior  to  crushing)  was  developed  and  established  as  a  means  to  minimize  beryllium 
segregation. 

3. 6. 6  Homogenization  of  Braze  Alloy  Powders  Through  Heat  Treatment  of  Button  Ingots 

Differences  in  flow  and  erosion  characteristics  with  different  particle  sizes 
of  arc-melted  CS13-5  alloy  were  observed  iu  preceding  studies,  and  were  found  to  be 
the  result  of  increasing  beryllium  content  with  finer  mesh  sizes  (Table  LV).  ft  was. 
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TABLE  LV 

CHEMICAL  ANALYSES  OF  AHC-MELTED  AND  ARC-MELTED 
PLUS  HOMOGENIZED  CS13-5  AND  RMS  BRAZE  ALLOYS 


T 


Weight  Percent 


RMS  (homogenized? 


f'" ' 


Mesh  Size 

Beryllium 
in  CS13-5 

Weight  i  Weight  j 
Percent  j  Percent  ! 
Nickel  j  Beryllium  j 

Arc  Melted 

Hor  ^anizedW 

+  12 

4.90 

5.90 

j 

4.45  I  0.94 

t 

-12/+24 

5.30 

6.20 

11. 1 

2.08 

j  -24/+35 

5.55 

6.35 

3.86 

2.07 

|  -3P/+48 

5.70 

6.40 

11.1 

2. 10 

i 

|  -48/+100 

5.50 

6  4* 

10.6 

2.04  ] 

|  -100/+200 

6.60 

6.50 

11.5 

2.03 

-200/+400 

8.00 

6.30 

13.2 

1.98 

i  -400  (fines) 

i 

13.40 

i  .  .  ... 

6.6! 

1.36 

- -  j 

1.  At  1450  F  for  40  hours  2.  At  1200  F  for  65  hours 

therefore,  considered  advisable  to  investigate  thermal  homogenization  of  braze  alloys 
prior  to  ingot  comminution.  The  CS12-5,  CS217,  CS21TC.  CE217G,  RMl,  RM23 
RM32,  RM40,  RM42,  uid  RM44  alloys  were  homogenized  at  1450  F  for  40  iiours  in 
high  vacuum  (1.0  x  10'J  Torr).  In  addition,  the  CS217E.  CS217F,  CS217I,  RMS, 

RMl 2.,  RM"s,  RM28,  a„u  RM33  alloys  were  homogenized  at  .1200  F  for  65  hours  ic 
high  vacoum  prior  to  comminution  and  brazing  “udi«s.  As  shown  in  Table  LV,  the 
chemical  analyses  or  homogenized  CS13-5  and  RMS  resulted  in  very  uniform  ^  posi¬ 
tions  for  the  critical  elements  (beryllium  snd  nickel)  in  various  ustf'd  ^  ah  sizes. 

The  low  nickel  and  beryllium  levels  cheeked  its  the  coarsest  mesh  size  (+121  of  RMS 
were  probe1  !y  due  to  incomplete  solution  of  the  alloy  is  acid  during  analyse  as  coarse 
particles  are  quite  difficult  to  dissolve,  Mh>  restructure  examination  oi  homogenized 
buttons  (Fig.  1531  showed  considerably  greater  uniformity  in  the  structure,  whereas 
examination  of  arc- melted  buttons  (Fig.  I34i  revealed  nonuniformity  in  many  cases. 

The  vacuum  homogenizing  t-ejtinent  taut*  promoted  a  vseiform  alloy  structure  sad 
composition,  and  was  adopted  as  a  neceevsry  step  for  all  braze  alley  ingots  prior  to 
use. 
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3.3.7  Preliminary  Studies  of  Cyclic  Annealing 

One  feasible  means  found  for  inducing  beryliide  spheroidization  and  obtaining 
more  uniform  beryliide  distribution  ii.  CS  seiies  brazements  was  a  special  heat  treat¬ 
ment  called  ’’cyclic  annealing”.  Oyeli  annealing  takes  advantage  of  higner  beryllium 
{and  beryliide)  solubility  in  the  high  temperature  titanium  (p  phase)  form  than  in  the 
low  temperature  {a  phase)  form  (Ref.  103).  Cyclic  heating  between  two  temperatures, 
the  higher  of  which  progressively  dissolves  portions  of  both  massive  and  eutectic 
beryliide s  in  the  beta-titanium  matrix,  while  the  lower  temperature  reprecipitatea 
fire  beryllides  at  different  locations  within  the  alpha  matrix,  was  found  to  result  in 
rounded  (sphcroidizcd)  and  more  uniform!  v  redistributed  beryllides.  (The  analogy  of 
cyclic  annealing  low  alloy  steels  to  promote  sp’neroidized  carbides  is  well  known.) 

Exploratory  test  ie  conducted  with  0.  006-inch  Ti-5Al-"2.5Sn  T-ioints 
which  were  vacuum  brazed  with  CS13-5  and  CS217C  braze  alloys  (five  minutes  at 
1620  and  1700  F,  respective!  Cyclic  annealing  over  the  temperature  range  of 
1300  to  1550  F  was  conducted  to  the  following  parameters. 

*  Hold  ten  minutes  at  1550  F,  cool  at  rate  of  12-1/2  degrees  F /minute  to 
1300  F. 

*  1300  F,  hold  ten  minutes,  then  reheat  to  1550  F  at  12-1/2  degrees  F/ 
minute. 

*  Tepeat  the  preceding  steps  through  12  cycles  (4  hours  total  time),  then 
furnace  cool  to  mom  temperature. 

As  shown  in  Figures  155  and  156,  the  cyclic  anneaLng  resulted  in  a  very 
marked  definition  of  p-bridge  structures,  as  well  as  an  obviously  spheroidized  eutectic 
structure.  Spheroidization  later  was  confirmed  by  electron  microscope.  No  decrease 
in  eutectic  hardness  due  to  beryliide  spheroidization  was  detected.  However,  cyclic 
annealing  brazed  T-joints  of  CS13-5  for  a  foui'-hovr  period  permitted  very  good  re¬ 
tention  of  joint  strength  throughout  a  62-hour,  1000  F  aging  treatment  in  argon,  while 
the  as-brazed  specimens  suffered  appreciable  strength  deterioration  (Table  LVI). 

3.6.8  Effect  of  Salt  Spray  Environment  Upon  Brs^e  Joint  Strength 

Although  the  braze  alloy  Ti-47.2Zr-5.6Ee  appeared  promising  from  the  view¬ 
points  of  adaptable  braze  procet.  ing  and  apparent  resistance  to  salt  spray  corrosion, 
no  measurement  was  available  to  gage  br°ze  joint  strength  (baseline)  and  retention  of 
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TABLE  LVI 


CHANGE  IN  MECHANICAL  PROPERTIES  OF  BRAZED 
T-JOINTS  EFFECTED  BY  AGING 


i  i.  1000  F  for  62  hour*  in  Argon. 


63.0,  «  0 


After  Cyclie 
Annaailrg 

After  Cyclic  Aaoefcling 
aad  Aging 

150.3 

950  lb/in. 

1  168.0{PM),  139.0 

' 

670  lb/in. 

j 

braze  strength  following  exposure  to  salt  spray.  To  measure  these  properties,  large- 
base  T-joints  were  made  of  0.  CT0~inch  T1-6A1-4V  foils  which  were  adaptable  to 
tensile  testing,  Brazements  were  made  in  high  vacuum  at  1700  F,  using  Heat  No.  13-4 
{-12A24  mesh  particle  size)  and  a  five-minute  braze  cycle  (rapid  cooling  rate). 

Comparable  large  base  T-joints  were  vacuum  brazed  with  Ag-lOSn  alloy, 
using  the  same  braze  cycle  at  1700  F.  These  silver-base  joints  were  considered 
standards  for  comparison  of  strength  and  corrosion-influenced  properties.  Standard 
foil  tensile  specimens  of  0.  010-inch  T1-6.U-4V  alloy  also  were  included  to  determine 
the  effects  of  salt  spray  in  the  absence  of  braze.  Tensile  teats  were  conducted  at 
room  temperature;  T-joint  tensile  tests  were  conducted  both  in  the  as-brazed  condition 
and  after  exposure  to  salt  spray  for  various  times  up  to  238.5  hours.  Results  are 
Hsteu  in  Table  LVIL 

As  expected  for  the  Ti-6A1-4V  foil  specimens  (P  series),  the  salt  spray  ex¬ 
pose  z  up  to  238, 5  hours  had  no  effect  upon  fully  heat  treated  strength  or  ductility 
properties  (e.  g. ,  ~150, 000  psi,  ultimate  tensile  strength;  ~  10  percent  elongation). 

The  T-joints  brazed  with  Tl-47,  2Zr~5. 6Be  alloy  (C  series)  fared  quite  well 
in  salt  spray,  based  upon  metallographic  examination  both  before  and  after  tensile 
testing;  and  as  shown  in  Figure  157,  no  signs  of  structural  deterioration  were  found 
due  to  the  salt  spray  exposure.  The  as-brazed  tensile  strength  of  ~i32,000  psi  was 
a  good  indication  of  the  high  inherent  strength  of  the  eutectic  braze  structure.  How¬ 
ever,  the  erratic  and  unsystematic  variation  oi  T-joint  strength  following  different 
exposures  to  salt  spray  served  to  point  out  problems  of  structural  instability,  marginal 


243 


TABLE  LVH 

ROOM  TEMPERATURE  TENSILE  STRENGTH  OF  Ti~6Al-4V  T-JOINTS 
BEFORE  AND  AFTER  SALT  SPRAY  EXPOSURE 


br-ze  toughness,  and  notch  sensitivity  (Table  LVII).  T-joint  testing  Imposed  a  strin¬ 
gent  requirement  upon  braze  toughness  because  of  the  natural  stress  concentration 
introduced  by  the  T-joint  geometry  itself,  and  the  easy  possibility  of  loading  the  joint 
eccentrically  through  slight  grip  misalignment  and/or  braze  line  being  off-center. 

This  was  supported  by  the  fact  that  all  T-joint  specimens  invariably  failed  in  the  joint 
region  rather  than  in  the  foil  over  a  wide  rsnge  of  failure-  stress  (33,  000  to  132, 000  psi). 
That  the  braze  toughness  is  only  marginal  and  capab?o  of  improvement  was  borne  out 
by  two  observations: 

*  Following  li2.5  hours  exposure,  duplicate  tensile  strength  determinations 
averaging  ~125, 000  psi  showed  that  good  strength  retention  is  possible 

if  load  alignment  and  other  test  conditions  are  just  right.  Other  strength 
readings  at  different  exposure  times  varied  erratically  between  33,000 
and  103, 000  psi;  the  lowest  strength  after  salt  spray  still  being  higher 
than  the  highest  strength  of  as-brazed  silver  joints. 

*  in  spite  of  the  high  stress  levels  frequently  imposed  upon  the  braze 
itself,  in  only  one  specimen  (No.  CIO)  were  cleavage  cracks  noted  in 
the  massive  beryllide  particles  (Fig.  158),  The  important  observation 
was,  however,  that  not  one  ri  these  cleavage  cracks  extended  into  the 
surrounding  eutectic  struct,1. -j,  although  many  cracked  bery Hides  were 
seen  and  a  nominal  failure  stress  of  132, 800  psi  was  recorded.  There¬ 
fore,  the  eutectic  braze  structure  itself  possesses  a  fair  degree  of 
toughness  and  notch  insensitivity,  with  th*  possibility  of  improvement 
through  heat  treatment. 

Whatever  the  interpretation  of  test  data,  one  conclusion  was  evident;  the 
Ti-Zr-Be  alloy  brazements  exhibited  vastly  superior  distance  to  salt  spray  corro¬ 
sion  relative  to  the  Ag-lOSn  brazements.  All  silver- brazed  specimens  exposed 
>70  hours  suffered  severe  crevice  corrosion,  predominantly  along  the  TiAg/Ag 
interface,  rendering  them  incapable  of  being  tested.  Simply  touching  them  for  visual 
examination  resulted  in  their  falling  apart  at  the  braze  joint  lines. 

3.6.9  Preliminary  Assessment  of  Elevated  Temperature  Brazement  Strength 

To  gage  the  applicability  of  Ti-47. 2Zr-5,  6 Be  brazements  at  elevated  tempera¬ 
tures,  duplicate  T-joint  tensile  testa  were  conducted  at  both  room  temperature  and 
800  F  (as-brazed  condition).  The  T-joint  specimens  consisted  of  0.004-inch 
Ti-5Al-2. 5Sn  foil  alloy  brazed  to  a  0, 0125-inch  base  of  the  same  alloy;  the  results 
are  shown  in  Table  I, VIII. 

Obviously,  the  Ti-47. 2Zr-5. 6Be  alloy  provided  sufficient  brazement  strength 
at  the  elevated  tempo ratu  -e  of  800  F  to  warrant  its  further  evaluation  in  Phase  I 
studies. 


TABLE  LVm 

ELEVATED  TEMPERATURE  STRENGTH  OF  Ti-47.2Zr~5,6Be  BRAZEMENT3 


Braze  Alloy 

Test 

Temperature 

(F) 

Stress  Level  in 
Foil  at  Specimen 
Failure  (psi) 

Failure  Location 

Ti-47.2Z4-5.6Be 

Room 

111,100 

Braze  material 

(Heat  No.  13-4) 

Room 

74,600 

Braze  material 

temperature 

800  W 

77,300 

Braze  material 

800 (1) 

Braze  material 

Baseline  Fou. 

Room 

115,000  to 

Properties  (typical 

temperature 

values) 

800 

70, 000  to 

76, 000 

1 .  Held  0.5  hour  at  temperature  (in  a ur)  prior  to  test. 


8. 10  Strain  Accommodation  Ability  of  Braze  Alloys 

Under  ordinary  circumstances,  greater  interest  is  expressed  in  the  shear 
strength  or  toughness  of  a  braze  joint  than  in  the  ability  of  the  braze  alloy  to  withstand 
large  strains  imposed  by  loads.  Braze  alloys  for  foil  structures  must  operate  in  the 
same  strain  field  as  the  foil  without  failure.  It,  therefore,  becomes  necessary  to 
devise  some  method  of  determining  the  maximum  strain  the  braze  alloy  can  withstand 
before  fracture.  To  make  this  determination,  a  tapered  tensile  specimen  was  pre¬ 
pared  with  a  groove  to  hold  a  thin  film  of  the  braze  alloy,  as  illustrated  in  Figure  159, 
The  Ti-47.2Zr-j.6Be  and  Ag-lOSn  braze  alloys  were  applied  to  ‘he  specimens  by  the 
developed  vacuum  brazing  processes.  As  each  specimen  was  loaded  in  tension,  a 
linear  stress  and  strain  gradient  existed  along  the  tapered  section  in  accordance  with 
the  charge  in  cross-sectional  area.  The  specimens  with  the  Tl-47. 2Zr-5. 6Be  alloy 
were  then  tensile  loaded  until  plastic  deformation  occurred  at  the  minimum  cross- 
section.  Examination  of  the  specimen  using  the  dye  penetrant  system  revealed  the 
crack  pattern  In  the  braze  alloy  shown  in  Figure  160.  The  first  crack  at  the  largest 
cross  section  (threshold  strain)  occurred  at  a  parent  metal  stress  of  107, 000  psi, 
corresponding  to  a  strain  of  6700  micro  in.  /in.  A  test  on  a  second  specimen  gave 
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identical  reeults.  Shown  in  Figures  161  and  162  are  microsections  through  the 
cracks  of  Figure  160.  The  crack  which  was  just  started  at  the  107,000  psi  point 

* 

(Fig.  161)  stopped  at  the  interface  layer  of  the  braze  alloy;  however,  the  larger 

«  crack  (Fig.  162)  extended  approximately  0.003  inch  into  the  parent  material.  This 

larger  crack  was  in  the  region  of  plastic  deformation  for  the  parent  material,  which 
was  subjected  to  a  stress  ot  approximately  120,  000  psi. 

A  specimen  tested  with  the  90Ag-10Sn  silver  braze  alloy  showed  no  braze 

•  cracking  at  all  after  testing  to  specimen  failure. 

The  hardness  of  the  parent  material  on  the  specimen  with  the  Ti-47. 2Zr-5. 6Be 
braze  alloy  was  Rq40,  compared  to  R^-,41  on  the  as-received  material.  The  closeness 
of  the  two  hardness  values  suggested  little  or  no  oxygen  pickup  during  brazing. 

The  tapered  tensile  test  is  a  measure  of  the  sf/ain  sensitivity,  rather  than 
the  strength  of  *he  braze  alioy.  Although  during  the  test  the  braze  alloy  is  required 
to  conform  to  the  strains  in  the  parent  material,  the  stresses  in  the  braze  alloy  can 
be  far  different  from  those  in  the  parent  material.  For  example,  the  relatively 

*  weak  90Ag-10Sn  alloy  has  high  ductility,  low  yield  strength,  and  low  modulus,  which 
allows  the  alloy  to  conform  without  cracking  to  the  strains  of  the  parent  material  up 
to  the  point  of  parent  material  failure.  In  contrast,  the  stronger  Ti-47. 2Zr-5. 6 Be 
alloy  (with  a  higher  modulus  due  to  the  berylli  ’o  content)  tends  to  cracx  instead  of 
yielding  at  strains  somewhat  below  the  yield  point  of  the  parent  material. 

The  tests  indicated  that  the  Ti-47.2Zr-5.6Be  braze  alloy  is  caoable  of  accom¬ 
modating  substrate  strain  almost  to  the  point  of  plastic  yield  of  the  parent  material. 
However,  the  braze  was  not  as  crack-resistant  as  the  90Ag-10Sn  alloy.  The  tests 
showed  also  that  cracks  in  the  braze  alloy  can  propagate  into  the  parent  material  when 
plastic  deformation  occurs.  The  tapered  tensile  test  specimen  appeared  m  be  a  good 
tool  for  evaluating  the  relative  strain  accommodation  of  the  braze  alloys  when  subjected 
to  strains  from  the  parent  material. 
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OXYGEN  (1} 


NITROGEN  (%) 


EFFECT  OF  C  AH  BON,  OXYGEN,  AND  NITROGEN  ON  THE  VICKERS 
HARDNESS  OF  TITANIUM 
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FIGURE  x31.  EFFECT  OF  TOTAL  INTERSTITIAL  CONTENT  ON  THE  VICKERS 
HARDNESS  OF  TITANIUM 
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FIGURE  132.  FREE  ENERGl  C 


Minimum  braze  temperature  shown  under 
each  figure  -  dwell  time  at  braze 
temperature  -  1  minute 

K  -  Un melted  residue 
E  -  Negligible  residue,  excellent  braze 
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(5  minutes  at  1700  F) 
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FIGURE  ;i>,  TYPICAL,  MICROSTRUCTURES 

OF  Ti-5A1-2.5S;:  FOIL  T -.JOINTS 
BRAZED  IN  ARGON  WITH  Ti-6  t‘ 
Be  BRAZE  ALLOY 
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FIGURE  42  •  I  VP  IGA 
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FIGURE  143  „ 


RMS  BRAZE  JOINT:  1700  F 
for  30  Minutes 
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FIGURE  145. 

RM8  BRAZE  JOINT;  1500  F 
for  30  Minutes 


Iiu.lt  No.  l-l 
Etchant:  Kroll's 
Mannif  ation:  iOOX 


Grey  matrix  ,  base  is  the  titanium 
sol iti  solution;  light -etching  phase 
is  the  first  titanium  beryliide 


FIGURE  146.  TYPICAL  EUTECTIC  STRUCTURES  IN  ARGON  ARC-CAST  INGOTS 
OF  Ti-5. 6Be  ALLOY 
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Heat  Wo.  13-5 
Etchant:  Kroll's 
Magnificat: on:  2 5 OX 


Continuous  matrbc  phase  is  the 
terminal  Ti-Zr  sol;:!  Solution; 
the  light  etching  dendritic 
structure  represents  the  first 
berylline  phase 


Heat  No.  13-1 
Etchant:  K roll's 
Magnification:  1C0X 


FIGURE  147.  TYPiOAL  EUTECTIC  STRUCTURES  IN  ARGON  ARC-CAST  INGOTS 
OF  Ti-47.2Zr-5.6Be  ALLOY 
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Heat  No,  (.'!  -* 
(”200/44  >  mesh) 

Fictiune:  Kr(»!‘j 

j  l/OX 


FOILS:  Ti-r>AI-S.5Sn 
(O.OOii  men) 


FIGURE  146 


FOIL  T-JOINTS  MADF  WITH  VARIOUS  P  ARTICLE  SIZE  OF  HEAT 
13-4;  Vacuum  Braced,  1700  F  -  5  Minutes  (Sheet  2  of  2) 


Cyclfi:  11.00  to  ITU!)  K,  5  minutes  (vacuum) 
foils:  Ti  -OAl-K.DSn  (0.00(i  inch) 


Heat  No.  IK-t 
1700  T 

(- i .a),  *200  mesh) 

Noli’  portion  of  hori/.onta! 
C'»m|Kmcut  of  the  T-joint 

Ktehant.  K roll's 

Magnification:  100X 


FIGURE  149.  FOIL  DISSOLUTION  AND  EROSION  OBTAINED  WITH  PARTICLE 
SIZE  -100/  i  200  MESH  Ti-47.2Zr-5.0Be  ALLOY 
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Average  Diameter,  -1-,/  24  Mesh  1‘articli 


Average  Diameter,  -100/+2iii)  Mesh  Particle 

Etchant:  Kroll’s 
Magnification:  100X 


FIGURE  150. 

RELATIVE  MEbrt  PARTICLE 
SIZES  IN  A  CAST  STRUCTURE; 
Heat  No.  13-5 


273 


float  No.  l.'i  a 
Hir.O  F 

(-1 00/ + ‘itio  mesh) 
Ktchant:  Krolf’s 
Msvnifiention :  100X 


Material  front  the  same  batches 
prtxIuctKi  severe  erosion  in 
previous  tests  (  Kip.  '  19) 


Heat  No  13-4 
1700  F 

(-100/+200  mesh) 
E.viwun.  r'tviia 
Magnification:  100X 


FIGURE  It)l.  FOIL  T-JOINT  STRUCTURES  OBTAINED  WITH  -100/ +2 00  MESH 
PARTICLES 
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FIGURE  152. 

TYPICAL  FOIL  BRAZE  STRUC  - 
TUBE  OBTAINED  WITH  -  >00  +400 
MESH  PARTICLES 
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FIGURE  155. 

HOMOGENIZED  RM40  ALLOY 
BUTTON  LNGOF 
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Braae  Alloy:  Tl-47. 27,r-0. 6Be 
(Heat  No.  13-4) 

Foil  Tnicknesp:  0.010  inch 

Etchant;  Kroll's 

Magnification:  SOX 
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FIGURE  157 


STRUCTURE  OF  T1-SA1-4V 
T-JOINT  AFTER  112.6  HOURS 
SALT  SPRAY  EXPOSURE 


Heat  NV>.  lit -1 
Etchant:  Krcll's 
Magnification:  SOX 


Stress  in  Titanium  Foil  at  Failure: 
132,  800  psi  Specimen  No.  CIO 


Heat  No.  ’3 -4 
Etchant:  Kroll's 
Magnification:  250X 


FIGURE  158. 


CLEAVAGE  CRACKS  IN  MASSIVE  BERYLLIDE  PARTICLES  WITHIN 
THE  BRAZE 
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r 


2, CO  INCHES 


GROOVE  WITH  BRAZE  ALLOY  1 
APPROXIMATELY  0.006  INCH 
WIDE  BY  0.006  INCH  DEEP 


SrlCtMAn  imCiCftEOB:  0.117  INCH 
MATERIAL:  Tl-6Al-*,8Sb 


-0.67  INCH 


LOAD 


FIGURE  159.  TAPERED  TENSILE  SPECIMEN  WITH  GROOVE 


Magnification:  2X 


FIGURE  160. 

CRACK  PATTERN  IN  Ti-47.2 
Zr-6.6  BRAZE  ALLOY  AFTER 
TENSILE  LOADING 
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Magnification:  250X 


FIGURE  161. 

CROSS  SECTION  OF  CRACK 
IN  BR  :E  ALLOY;  Strain 
Approximately  6700  Mlcrolnches/ 
Inch 


Magnification:  250X 


FIGURE  162. 

CROSS  SECTION  OF  CRACK  IN 
BRAZE  ALLOY  AND  PARENT 
METAL;  Stress  of  120,000  pel 


3.  7  TASK  VII  -  DIFFUSION  BONDING  DEVELOPMENT 


The  principal  objective  of  the  diffusion  bonding  study  was  to  determine  the 
feasibility  of  making  reliable,  leak-tight,  tube-to- header  joints  using  a  self-diffusion 
bonding  process.  The  bonding  processes  were  chosen  to  incorporate: 

•  A  means  of  pressurizing  the  Uibe-to-header  joint  interface  by  expansion 
of  the  tube, 

•  A  means  to  heat  the  interface  to  the  proper  process  temperature  and  for 
the  necessary  time  tc  permit  bonding. 

•  An  environment  to  prevent  surface  contamination  which  would  inhibit, 
bonding. 

The  complexity  of  the  joints  precludes  diffusion  bonding  by  conventional 
mechanical  devices  (anvil  bonders);  and  the  small  diameter  and  tight  spacing  of  the 
tubes  impose  severe  limitations  on  the  type  of  mechanical  device  which  can  be  used 
internally.  Differential  thermal  expansion  and  pneumatic  pressurization  of  internal 
cylinders  were  tho  two  methods  selected  as  best  filling  the  requirements  of  the  bond¬ 
ing  process. 

Establishing  an  effective  diffusion  bonding  process  is  principally  a  matter  of 
satisfying  the  pressure-temperature-time  requirements  which  control  bonding 
mechanisms  (which,  in  turn,  are  function*  of  the  interdiffusion  rate,  flow  stress,  and 
cleanliness  of  the  faying  surfaces).  The  upper  temperature  limit  is  imposed  by  the 
beta  transus  of  the  titanium,  or  by  the  tendency  toward  sticking  or  forming  a  low- 
melting  eutectic  with  the  bonding  tool.  The  lower  limit  is  'mposed  by  the  relationship 
of  temperature  and  pressure  which  expresses  the  necessary  minimum  conditions  for 
boning.  Similarly,  pressure  and  time  must  be  adjusted  to  remove  the  oxide  film  on 
the  Joint  surfaces  either  by  self-disolution  or  film  rupturing  (fragmentation).  Further 
controls  are  imposed  by  the  need  for  active  inte  Illusion  of  surface  species  without 
dissipation  of  pressure  by  creep  and/or  distortion.  It  should  be  noted  that  all  of  these 
relationships  are  functions  of  atomic  diffusion  rates  and  are  exponential  with  respect 
to  time. 

3. 7. 1  Diffusion  Bonding  Parameters 

An  investigation  was  initiated  to  develop  the  solid-state  diffusion  bonding 
parameters  needed  to  Join  T1-3A1-2. 5V  tubes  to  T1-6A1-4V  headers.  Other  titanium 
alloy  combinations  included  for  study  are  listed  in  Table  LDC.  Establishment  of 
minimum  parameter  is  /els  of  bond  pressure,  time,  and  temperature  waa  undertaken 
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TABLE  LDC 

COMPLETE  LIST  OF  DIFFUSION  BONDED  JOINTS 


Beading  | 

Parameter* 

Tape rad  Lap 
Joint  Ml  Teat 

Log 

Joint  foU 

Pratftur#  j 

Electrode  Surfacee  aad 

Electrode 

Failure 

Lotd 

No. 

Materiel* 

IP)  (pai)  J 

Stop  OtU  Head 

(ticking 

Location 

(T) 

Micro -Structure 

1:02  TI-SAl-si.Wn  to 
Tl-SAl-2.3Sn 


1127  Tl-5Al-2.»Snto 
TI-5Al-2.58n 


1120  T1-4A1-4V  to 

TI-«A1«4V 


1M8  TI-4A1-4VM 
T1-M1-4V 


1200  tod  Inn,  0.  004-lnch  1010  ataal  No 

aad  0,002 -tuagatan  backup. 

2SOS  Two  0. 004 -Inch  1010  ataal  No 

and  stw  0. 002 -Inch  tungeten 
badiup. 

5000  Two  0. 004-lnch  1010  ataal  No 

and  on*  0. 002-lncn  tungeten 

bstitr- . 

7500  Tjh*  0, 004-lnch  1010  atoal  Nc 

and  one  0. 002 -inch  tungeten 
bock up 

>000  Two  0. 004-lnch  1010  atoal  No 

and  one  0.002  -inch  tuaptea 
backup. 

7500  Iodine,  0. 004-lnch  1010  ataal  No 

and  0. 002-laeh  tungatan 
backup. 

1200  0. 002 -Inch  1010  ataal  and  Yea 

tu nga lan  backup. 

2400  0. 002 -inch  1010  ataal  and  Yea 

tungeten  backup. 

5000  C.  002 -Inch  1010  ataal  and  Yea 

tungeten  backup. 

1200  0  002 -Inch  1010  ataal  and  Yaa 

0.002  tungatan  backup. 

1(00  0. 002 -Inch  1010  ataal  aad 

0  001  tungatan  backup. 

2400  0  001 -inch  toil  ataal  aad 

0.081  tungetea  backup. 


1000  0  001 -tack  1010  etml  aud 

0,002  tuagatan  Dacfcap. 


MOO  0. 101 -hack  1010  ataal  aad 


1200  MUM,  0.  044-tack  mo  ataal  No 
aad  S.OOt-taek  tuagatan 


1500  0. 0025- lank  thtak  1010  ataal 

aad  tuagatan  hnafeap. 

MOO  Two  0.  Mt-tash  toll  ataal 
aad  f  ptia  baeto^. 

7(00  Tam  0.004 -tack  1010  ataal 


PM  0  04 

BJ  0. 10 

PM  0.11 

PM  0.14 

PM  0.11 


PM  Old 

PM  0.1H 

PM  0.1(8 


0.118 

u.lM  dead  bead 


TABLE  LK  (Cent) 

COMPLETE  LIST  OF  DIFFUSION  BONDED  JOINTS 


l.og  joiat  Foil  TamperkCure  Praaaura 

No.  Matertala  (F>  U»U 


I 

TI-«  -4Vto  1*80 

Tl-«Ai-4V  i 


T1-6A1-4V  to 
T1-4A1-4V 

T'.  -5A1-2 . 58n  to 
TI-0A1-4V 


1550  1200 


1000  1200 


1580  2800 


1000  2800 


T1-6AJ-I  «*•  JO  1000 

T1-0A1-4V 

T1-4M-lMt-lV«e  10*0 

Tl-8Al-lMu-tV 


1**0  12*0 

1780  M* 

184*  HO* 

1080 


Electrode  flurlacea  aad  Electrode 

JUf  Orta  llaad  Otlckla* 


I 

H2  reduced  0.004 -lock  tilek  No 

1010  ilHl  and  bu«aten  backup 

«2  reduced  0.004 -lack  thick  No 

1010  at aal  and  tuapetea  backup. 

OatMliad  0. 004-lack  lOlOeieel  No 

aad  tumatan  backup. 

0. 002-lack  1010  ataal  aad  Yea 

tuapatan  backup. 

0. 002-lack  1010  at  aal  gad  Yaa 


0. 00] -tack  1010  ateai  aad 
tuapitea  backup. 

0. 001 -lack  MOaualaad 
tuagaUB  backup. 

0. 002-lack  1010  atael  aad 
tuapataa  backup. 

two  0. 004 -tack  ateai  aad 
tuapataa  backup. 

Two  0. 004 -tat*  alaal  aad 
tuaptaa  backup  with  irepkka. 


Tapered  Z  ap 

Mat  Pull  Teat 

Failure 

■si 

Location 

IT) 

— 

- 

tt.  0028-lack  alaal  aad 
backup. 


Two  0  004 -lack  atael  aad 


Twa  0. 004-kaek  ateai  wt 
tuapataa  backup  *ttk  (rap 

Twa  0. 004  >a»k  ataal  aad 


Foma  a  kola  la  horded  area . 

PM  0  .12  Good  bead 

PM  0  14  Good  bead 

PM  0.11  Good  bond 

PM  0. 12  Good  bead 

PM  0. 12  Gaad  bond 

PM  0  125 

BJ  0.140 

M  «.  1*4  Good  bead 

PM  »,  I  a  Goad  bead 

PN  0  140 

PM  0.188 

*.  I* 

*..  to  Casatia*  bead 


Ti-OM-lMt-lVM 

Ti-Oat-iNa-ir 


PM  t.tt  Gaad 

PM  8.1*  tad 

Ml  o,i*  Qaad 

M  *.u 

0.1*8 


'rABLE  LIX  (Coot) 

COMPLETE  LIST  OF  DIFFUSION  BONDED  JOINTS 


usit«  TMAt-S.SSn.  Ti-8AMMo-lV,  tad  71-0A1-4V  alloy  folia.  Saif-boocfed  joint* 
were  accomplished  in  gettered  argon  atmosphere  using  aimpie  lap* Joint  specimen*  and 
the  diffusion  bonder  shown  in  Figure  163.  An  additional  part  of  the  evaluation  was  to 
•esrch  for  an  electrode  material  which  would  not  atick  to  or  embrittle  the  foil  during 
the  bonding  sequence.  Temperature  in  increment*  between  1(00  and  1815  F,  plea¬ 
sures  between  300  and  5000  pel,  and  time*  between  10  aed  00  eeocada  were  evaluated 
with  the  alloy  foil  combination*.  Fleet rod**  of  varfone  materials  (oofan&biam,  tantalum. 
tangnten  with  and  without  pyrolytic  graphite  surfoeee,  and  Typn  1010  at**!)  were  triad 
and  only  the  tengstee-graphtie  cemtmmtion  and  Type  1010  etael  did  set  atick  to  program 
a Hoy  folia  at  temperate**  op  to  lf00  F. 
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TABLE  LX 


MINIMUM  DIFFUSION  BONDING  PROCESS  PARAMETERS 


Joint  Materials 

Temperature 

(F) 

Pressure 

(pel) 

Time 

(sec) 

T1-5A1-2.  *Rn  to  Ti-5AI-2. 5Sn 

1600 

300  to  5000 
(variable) 

20 

Ti-6A1~4V  to  Ti-6A1-4V 

1550 

300  to  2500 
(variable) 

20 

T1-5A1-2.5SO  to  TI-6A1-4V 

1550 

300 

20 

Ti-SAl-lMo-lV  to  Ti-SAl-lMo-lV 

1600 

6  00 

20 

Ti-8Al-lMo-lV  to  Ti-6A1-4V 

1600 

300 

20 

T1-6A1-4V  to  Ti-3Al-2, 5V 

J«50 

600 

20 

Ti-3Ai-2.5V  to  TI-3A1-2.5V 

1650 

600 

20 

Varying  degrees  of  interface  bonding  were  obtained  with  the  preceding  param¬ 
eters,  with  the  initial  conclusion  being  that  the  approximate  parameter  levels  of  300 pel, 
20  seconds,  and  1650  F  are  required  to  yield  acceptable  bond*  for  the  alloy  foils 
(Fig.  164  and  165).  Bonds  can  be  obtained  at  hlgHr  temperatures;  however,  electrode 
sticking  becomes  a  problem.  At  lower  temperatures,  considerably  higher  process 
pressures  and  longer  times  are  required.  The  investigation  has  been  restricted  to 
short-tim-  (s  60  seconds)  bonding  runs  of  the  type  usually  referred  to  as  “yield- 
strength  controlled*'  (Bet.  104).  Short  process  times  are  necessary  to  obviate  pro¬ 
gressive  contamination  and  embrittlement  of  diffusion  bond  foists  which  because  of 
their  minimal  mass  and  sharp  angled  geometry,  cam**  withstand  a  large  amount  of 
contamination.  Therefore,  minimum  diffusion  bonding  parameters  **r*  established 
for  single  lap-joints  (Table  UQ. 

ft  is  safe  to  assume  that  dtibwkm  bonding  parameters  of  1S50  T  (maximum). 
600  pel,  and  a  process  time  of  29  seconds  tituudmam)  would  result  in  good  foists  of 
any  cvmbto*tioii  ©?  program  alloy  foils,  wttbos*  any  associated  problem*  of  grain 


% 


tin 


TABLE  LXI 

RESULTS  OF  DIFFUSION  BONDING  USING  0.3 -MB  TITANIUM  FOIL  INTERLEAF 


Evtdsetkm  of  dtflasioa  bond  quality  «u  by  metaliagrapby  and  by  toastie  taet- 
trf  tapered  foil  lap  Joint  (Fig.  171)  to  determine  il  faili are  occurred  is  parent  metal 
n  the  diifu*ioe  hooded  area  {overlap  area  >  lOt).  Resoles  of  the  evafcmtio*  revealed 
ntost  failures  occurred  la  tapered  pares*  metal  foil  Just  at  tbs  atait  of  the  Joint; 
oeurrad  It  “WfusiOG  bonded  Joists  (Table#  UX  end  LXB 

3.7.?  Electrode  tkto|  Problem 

Turn  approecfaaa  to  elljBsete  tlm  eleoterode  etiiAlsg  p.tdBcm  were  lmreetlgated, 
vUch  toektdmh 

•  The  mm  of  Interleaf  of  gave  tttsstas 

•  IteaNirfyattmtdM^ 


r 


•  j 

■  i  ‘ 


Ii'it  "leaf  Approach 


The  use  of  an  interleaf  material  was  investigated  to  enable  diffusion  bonding 
at  lov  er  temperatures  and  pressures  to  minimize  electrode  sticking.  As  shown  in 
Figure  173.  good  diffusion  bonded  joints  of  Ti-8Al-lMo-l  V  to  T1-6A1-4V  were  obtained 
at  process  parameters  of  1500  F,  300  psi,  at  20  seconds.  No  significant  advantage 
was  observed  by  the  use  of  0.  C  mil  thick  pure  titanium  foil  as  interleaf  on  joints  of 
Ti-5Al-2. 5Sm  to  TJ-5A1-2.  5&i  or  Ti-6A1-4V  to  Ti-6Al-4V,  however.  In  view  of  this 
aiH  thr*  fact  that  use  of  an  interleaf  introduces  an  additional  joint  area,  the  interleaf 
approach  was  not  considered  sufficiently  promising  to  warrant  further  study. 

Electrode  Material 

The  use  of  0.  002-inch,  Type  1010  steel  on  the  electrode  surface  and 
0. 002-inch  tungsten  as  the  backup  material  (to  p’-t  vent  sticking  of  the  steel  foil 
to  the  tungsten  anvil)  resulted  in  excessive  electrode  sticking  in  that  the  steel  foil 
could  not  be  removed  from  the  titanium  program  alloy.  However,  this  problem  was 
eliminated  by  the  use  of  two  pieces  of  flicker  (0. 004-inch)  Type  1010  steel  (back-to- 
back)  as  the  electrode  surface  an  ’  ne  piece  of  0. 002- inch  tungsten  as  the  backup. 

The  thicker  steel  (0. 004-iach)  foils  could  be  removed  from  the  titanium  alloys  with 
ease.  Iron  contamination  of  the  titanium  foil  surface,  due  to  formation  of  a  thin 
TIFe  intermetallic  compound  layer,  was  observed  (Fig.  171)  and  confirmed  by  X-ray 
fluoresence  analysis. 

Dissolved  oxygen  in  the  steel  foil  was  not  the  factor  which  prevented  sticking, 
ss  evidenced  by  tests  of  specially  prepared  0. 004-iach,  Type  1010  steel  foils  (reduced 
to  hydrogen  at  1500  f  for  0. 5  hour).  This  material  exhibited  no  greater  tendency  to 
stick  than  the  as-received  matei~jJL 

Therefore,  the  mechanism  actually  responsible  for  eliminating  tbs  sticking 
problem  was  the  formation  of  a  very  thin  <~0. 0001- Inch),  very  brittle  TIFe  compound 
(interface  layer)  which  acts  as  a.barv-ier  for  further  isterdfcffiuttoa  of  iron  and  titanium. 

Sam  ths  TiFe  compound  is  so  brittle.  it  was  easily  disrsptsd  after  the  bond- 

His  pfOCQII. 
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TABLh  LXH 

TENSILE  DATA  OF  Ti-6A1-4V  FOIL 


Test 

Temperature 

Vacuum 

(Terr) 

— ' — - 

Strain 
Bate 
(in.  /in./ 
min) 

Ultimate 

Tensile 

Strength 

(kai) 

0.2% 

Yield 

Strength 

(kai) 

Reduction 

of 

Area 

(%) 

Appar*‘-t 

Module 

(psi  x  1 1  ’) 

70 

760  (air) 

0.  CIO 

0. 12 

— 

— 

— 

18.6 

5  x  10"6 

0. 010 

0.12 

— 

— 

— 

14.8 

1000 

3  x  10~6 

0.010 

0. 12 

— 

— 

12.2 

8  | 

3  x  10"6 

0.010 

0.12 

— 

— 

— 

10.C 

■ ' 

TCC  (air) 

0. 125 

0.006 

13.5 

xZ.  4 

100 

1.8 

1600 

760  (sir) 

0. 125 

0. 012 

16.6 

11.3 

3.1 

1650 

4  x  10~8 

0. 010 

0.25 

— 

7,4 

— 

1.0 

1650 

4  x  iO-* 

0.010 

9.25 

— 

7.0 

— 

1.6 

1650 

4  x  i0“8 

3.010 

. 

0.25 

— _ _ _  ■  ,-J 

3.6 

— 

— 

0.7 

3.7.3  Generation  of  Baseline  Data 

As  analytic  al  solution  of  the  tube  stress- joint  pressure  rtlationaMp  was 
derived  for  the  tube-header  joint  (Appendix  A) .  Although  computed  for  elastic  de¬ 
formation  only,  it  demonstrated  that  the  limiting  factor  of  this  typical  configuration 
is  the  hoop  stress  which  can  be  developed  in  the  thin  wall  tub- 

Mechanical  property’  tests  were  conducted  on  Ti-6Al~4V  foil  and  sheet  (an 
alloy  siroctareHy  similar  to  the  tube  alloy)  to  determine  its  properties  during  heating 
to  and  at  the  diffusion  bonding  temperature.  These  tests  consisted  of: 

•  Tensile  data 

•  Stress  decay  versus  dsns 

The  tensile  del*  (reported  ic  Table  UOL.  tohcato  rapid  foes  of  strength  with  increas¬ 
ing  temp  -atur*  sad,  more  significantly,  (he  variatioe  in  elastic  modulus  with  strain. 

Stress  decay  verses  Uses  censes  were  determined  for  9. 610-inch  YV6A1-4V 
foil  at  test  tempwrasure  faxes  1*66  to  1766  F.  The  spoeimans  were  stressed  in  « 
fiolarMlceigned,  hfM’Mqnrwtua  M  hitr  (FSg.  114}  st  s  rapid  rate  (6. 6  ksi/ssc) 


TABLE  LXIH 

CREEP  RELAXATION  DA  “A  FOR  Ti-6A1-4V  FOIL 


to  near  the  apparent  proportional  limit  and  then  the  machine  cross  head  locked  to  fix 
strain.  The  drop  i  tress  was  plotted  against  time,  ’t  was  found  that  relaxation  in¬ 
creases  with  temperature,  is  very  rapid,  and  appears  to  progress  by  a  three-stage  \ 

\ 

mechanism  related  to  creep: 

•  First  30  percent,  drop  -  rapid  decay  rate,  independent  of  initial  stress 
magnitude. 

•  Transition  -  rate  of  ntress  decay,  an  inverse  function  of  initial  stress, 

•  Last  20  percent  drop  -  asymptotic  decay,  independen*  of  initial  stress 
magnitude. 

Typical  stress  relaxation  values  are  given  in  Table  LXTII,  and  an  approximate  plot  for 
two  test  temperatures  is  presented  in  Figure  175. 

It  was  apparent  from  these  data  that  creep  was  very  rapid  above  1400  F  and, 
in  fact,  influences  the  apparent  modulus  of  the  l.  ate  rial  to  the  point  that  slow  strain 
rates  (nrovidsd  by  differential  thermal  expansion  devices)  are  unable  to  develop  or 
maintain  much  pressure  at  the  header  joint.  Reduction  of  temperature  will  increase 
the  time  for  which  the  titanium  will  maintain  a  t-ress,  but  the  time  nec  mry  for 
diffusion  is  similarly  increased.  Bot)  creep  rate  and  diffusion  rate  Increase  exponen¬ 
tially,  and  any  benefits  derived  from  temperature  change  will  be  second  order  effects. 


3. 7, 4  Selection  of  Joint  Pressurization  Technique 

Two  different  experimental  techniques  were  selected  for  application  of  pres¬ 
sure  to  the  tube- header  joint: 

•  Differential  thermal  expansion  of  internal  plugs 

•  Pneumatic  pressurization  of  internal  capsules 

Their  calculated  efficiencies  and  design  are  explained  in  succeeding  paragraphs. 
Differential  Thermal  Expansion  of  Internal  Plugs 

Three  differential  thermal  expansion  plug  designs  were  evaluated,  which 

inducted: 

»  Solid  plugs 

•  Hollow  plugs 

•  Encapsulated  liquid  metal  plugs 

Solid  Plugs.  The  differential  thermal  expansion  of  titanium  (~  5. 5  x  lO- 6  in,  /in.  /deg  F) 
and  high  expansion  nickel  alloys  (— 9. 0  x  10“®  in,  /in.  /deg  F)  results  in  a  diametral 
strain  of  about  5  x  10  in.  /in.  between  room  temperature  and  1600  F.  The  alloy 
selection  and  design  of  this  type  plug  is  shown  in  Figure  176.  The  raised  step  of 
this  design  is  intended  to  circumvent  some  of  the  plug-to-tube  sticking  problems 
and  also  to  concentrate  heat  transfer  and  pressure  at  the  tube-header  joint. 

Hollow  Plugs.  This  basic  design  (Fig.  177)  and  the  pressurization  obtainable  are 
essentially  the  same  as  for  solid  plugs.  Selective  reduction  of  the  conductive  area 
by  hollowing  the  plug  was  intended  to  amplify  the  presumed  benefits  of  electrical 
resistance  heating. 


Encapsulated  Liquid  Metal  Plugs.  Assembly  of  multiple  tubes  in  a  heat  exchange** 
configuration  introduces  severe  limitations  on  the  tightness  of  fit  which  can  be  used 
on  the  joints.  Interface  gaps  of  only  0. 0001-inch  constitute  a  third  of  the  potential 
diametral  expansion  which  one  can  expect  from  conventional  high  expansion  alloys. 


Expansions  higher  than  those  obtainable  from  ;olid  plugs  are  therefore  desirable 
and,  with  this  intent,  a  steel  encapsulated,  lead  plug  was  designed  (Fig.  173  and  179). 
Internal  pressure  provided  by  the  melted  lead  was  computed  as  follows: 


-  AV  Fusion  +  AT*  (room  temperature  to  melting  point)  +  AT  a 
(melting  point  to  87 1C) 

AVLead  =  3000  *  l0~6  +  (327  ~20)  87  x  i0~6  +  <871  ~  327>  120  x  10"6 
AVLead  =  95000  x  10"6  =  9.5  percent 

AVFe  *  AT  a  =  (871  -  20)  36  x  10“6  =  30600  x  10"8  =  3.  06  percent 

Bulk  Modulus  =  XT  «  =  3.  8  x  10”6 

3  8  x  10"6  =  <95000  -  30600)  x  10~6 

A  P  =  1700  atm  x  15-^  =  250, 000  psi 


Although  the  assumption  of  a  value  for  the  bulk  modulus  is  only  approximate^ 

it  is  apparent  that  the  high  internal  pressure  developed  by  the  melting  lead  will  be  of 

sufficient  magnitude  to  expand  the  steel  wall  of  the  cylinder  to  accommodate  most  of 

the  volumetric  expansion,  about  9. 5  percent.  Diametral  expansion  is  probably  slightly 
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more  than  a  third,  3. 2  percent  or  ~  4  x  10  inches.  This  amount  is  roughly  seven 
times  the  expansion  derived  by  differential  thermal  expansion  of  the  best  solid  alloy 
plugs,  and  should  compensate  for  relatively  large  gaps  in  the  fitup. 

Lead  was  chosen  as  the  expansion  liquid  because  of  its  high  expansivity  in 
the  molteu  state,  its  reasonably  high  melting  temperature  (which  permits  it  to  with¬ 
stand  a  certain  amount  of  teat  during  welding  closure  of  the  steel  capsule),  and 
because  it  is  mutually  immiscible  with  iron  (ATS1  Type  1010  steel). 

Considerable  care  was  required  in  sealing  the  ends  of  the  plug  to  avoid  melting 
the  lead.  The  weld  was  made  about  0. 75  inch  from  the  lead  which  Is  constrained  by 
the  AI8I  Type  321  stainless  steel  pin.  The  Type  321  stainless  material  has  a  lower  teat 

1.  The  compressibility  of  liquid  mercury  at  160  F,  3. 76  x  10”®,  is  taken  to  be  roughly 
equivalent  to  that  of  liquid  lead  at  1600  F.  This  approach  is  justified  since  the  den¬ 
sities,  atomic  diameters,  and  periodicity  of  the  two  are  approximately  equal  and 
both  are  at  a  temperature  about  midway  between  their  melting  and  boiling  points. 


conductivity  and  a  much  higher  coefficient  of  thermal  expansion  than  the  Type  1010 
steel,  and  is,  therefore,  effective  in  closing  the  gap  between  the  pin-end  and  the  steel 
ease,  both  during  welding  and  during  the  diffusion  bonding  cycle.  The  entire  assembly 
was  held  in  a  copper  chill  block  previously  cooled  with  liquid  nitrogen  during  welding 
(Fig.  180). 

Swaging  was  found  to  be  effective  in  minimizing  internal  voids  which  detract 
from  the  expecteu  thermal  expansion.  The  lead- f ilk d  plugs  were  held  in  a  Jacobs 
chuck  on  a  small  hori  zontal  mill  and  turned  at  about  200  rpm  inside  a  four-step  steel 
die.  which  was  struck  and  closed  repeatedly  with  a  pneumatic  hammer  (Fig.  181  and 
182).  As  closely  as  could  be  determined  by  radiographic  and  metallographic  studies, 
the  lead-filled  cavities  were  free  of  post-swaging  voids. 

Pneumatic  Pressurization  of  Internal  Capsules 

Pneumatic  pressurization  theoretically  provides  a  method  of  increasing  the 
plug  diameter  to  match  the  creep  in  the  titanium  thereby  maintaining  relatively  con¬ 
stant  pressure  on  the  joint  for  extended  time.  The  heated,  unsupported,  tube  wall 
will  support  only  minimal  internal  gas  pressurization,  and  it  is  necessary  to  provide 
an  internal  expansion  cylinder  to  concentrate  the  stress  at  the  header  joint.  In  order 
to  reuse  the  device,  expansion  ideally  should  be  conducted  in  the  elastic  range,  and 
the  cylinder  material  therefore  must  have  a  low  elastic  modulus  and  high  elastic  limit 
(at  diffusion  bonding  temperature).  Type  B66  columbium  alloy  comes  closest  to  ap¬ 
proximating  the  ideal  conditions,  having  a  modulus  and  yield  strength  at  1600  F  of 
6  3 

about  14  x  10  psi  and  56  x  10  psi,  respectively.  Maximum  strain  within  the 
elastic  range  is  therefore  about  0. 004  in.  /in.  or  0. 0005  inch  over  the  diameter  of 
the  plug.  While  slightly  less  than  that  developed  by  differential  thermal  expansion  of 
solid  plugs,  this  pneumatically  induced  strain  can  be  made  more  rapid  and  will  result 
in  higher  continuous  stress  and  pressure  on  the  tube-header  interface  during  the 
20-  to  30-sewnd  bonding  cycle  desired. 

Due  to  the  immediate  ’inavailability  of  the  B66  alloy  in  a  form  suitable  for 
manufacture  of  the  expansion  plugs,  it  was  necessary  to  substitute  Inconel  600  alloy 
in  which  permanent  plastic  deformation  should  occur  in  obtaining  the  necessary  ex¬ 
pansion.  It  was  felt,  nonetheless,  that  the  Inconel  tubes  would  provide  experimental 
verification  of  the  general  theory.  Their  design  is  shown  in  Figures  183  and  184. 


Wall  thickness  is  such  that  2000  psig  produces  9G00  to  15,  000  psi  hoop  stress,  corre¬ 
sponding  to  the  yield  and  ultimate  strengths  of  Inconel  600  at  1600  F.  Under  these 
conditions,  the  maximum  diametral  strain  produced  by  the  plug  is  limited  only  by  the 
fracture  elongation  of  the  Inconel  (or  titanium)  and  is  at  least  an  order  of  magnitude 
greater  than  that  provided  by  any  of  the  other  methods. 

Another  advantage  of  the  pneumatic  pressurization  system  is  that  the  tubes 
need  not  be  pressurized  to  any  great  degree  until  the  1400  to  1650  F  bonding  range 
is  reached.  It  is  therefore  possible  to  delay  the  heating  cycle  at  1200  F  long  enough 
to  promote  self-dissolution  of  the  oxides  without  distorting  the  joint  in  creep. 

3.7.5  Experimental  Heating  Methods 

In  addition  to  conventional  iurnace  heating  of  the  entire  tube-header-plug 
assembly,  it  was  decided  to  evaluate  electrical  resistance  heating  of  the  internal 
expansion  plugs  (alone).  This  latter  technique  has  a  number  of  characteristics  which 
might  be  advantageous  in  establishing  the  proper  relationships  of  temperature  and 
stress: 

•  Faster  heating  rates,  and  therefore  faster  (thermal  expansion  induced) 
strain  rates,  will  develop  higher  joint  pressures  in  the  tube-header 
structure  than  is  possible  with  furnace  heating.  As  a  corollary  advantage, 
dwell  time  at  intermediate  temperatures,  and  consequent  intermediate 
creep,  is  minimized. 

•  Resistance  electrodes  concentrate  the  heat  in  the  tube  and  thereby  im¬ 
prove  the  rigidity  of  the  cooler  header  us  well  as  the  differential  tempera¬ 
ture  between  the  tube  and  header.  These  factors  all  favor  maximum 
differential  strain  and  interface  pressure. 

3. 7. 6  Joint  Design  and  Surface  Cleanliness 

The  experimental  work  on  basic  bonding  parameters  was  conducted  with  short 
(approximately  1  inch),  0.125  inch  OD  tabes  and  single- hole  headers  similar  to  that 
shown  in  Figure  185.  Only  0. 006-inch  wall  thickness  tubing  was  evaluated. 

Because  the  time  requirements  of  diffusion  bonding  are  largely  a  function  of 
surface  oxide  elimination,  the  joint  design  was  modified  in  some  of  the  tests  to  include 
beveled  edges  of  the  header  holes  (Fig.  186)  This  modification  was  to  increase  the 
pressure  at  the  joint  interface,  promoting  a  tendency  for  shearing  of  surface  oxides 
which  exposes  the  unoxidited  substrate  metal. 


Tubes  were  abrasive- saw  cut  to  1-inch  lengths  and  the  ends  were  deburred. 
Header  plates  (0.°1 5-Inch  thick)  were  sheared  to  blanks  approximately  1-inch  square. 
A  central  hole  (to  accommodate  the  tube)  of  0. 121-inch  diameter  drilled  and  sub¬ 
sequently  reamed  to  0. 125-inch  diameter.  Drilling  and  reaming  operations  were  con¬ 
ducted  on  tightly  clamped  stacks  of  50  header  plates  from  which  the  top  and  bottom 
pieces  were  discarded.  In  some  instances,  the  edges  of  the  hole  on  both  sides  of  the 
piece  were  Leveled  with  a  45-degree  tapered  reamer  to  40  percent  the  thickness  of 
the  material,  leaving  only  the  center  20  percent  (0. 003  inch)  as  the  normal  bearing 
surface  for  the  tube. 

The  hole  diameter  was  verified  on  an  optical  comparator  as  0. 1255  ±  0. 0003 
inch,  approximately  0. 001  inch  less  than  the  actual  outside  diameter  of  the  tubes. 
Roundness  of  tubes  and  header  holes  were  also  checked  with  an  optical  comparator. 

Three  types  of  expansion  plugs,  solid,  hollow,  and  lead-filled,  were  pre¬ 
pared  as  previously  described,  with  a  step  diameter  of  0. 114  inch,  providing  a 
0. 001-interference  fit  with  the  tube  inner  diameters. 

Tubes  and  headers  were  cleaned  and  stored  in  dessicator  Jars  until  immedi¬ 
ately  before  use.  The  cleaning  procedure  consisted  of: 

•  Hand  wipe  with  acetone  to  degrease 

•  Oxide  conditioned  In  Kolene  Alko  salt  for  60  seconds  at  400  F 
(proprietary  product  of  Kolene  Corporation,  Detroit,  Michigan) 

•  Quench  it  cold  water 

•  Pickle,  10  seconds  in  5%  HNOg-2Q%HF;  rinse  in  distilled  water, 
neutralize,  rinse,  and  dry  in  air  blast. 

Metal  removal  due  to  cleaning  was  *as*  than  0. 0001  inch/surface. 

The  tubes  were  stiffened  by  a  slip-fit,  internal  steel  rod  and  then  preseed  into 
the  headers,  supported  on  a  steel  block  drilled  to  accept  the  tube.  The  small,  preci¬ 
sion  drill  press  "town  in  figure  167  was  used  as  an  arbor  press.  Expansion  plugs 
were  similarly  pressed  into  the  tube,  aligning  the  raised  diameter  under  the  header 
Joint.  Both  tubes  and  headers  were  carefully  handled  to  avoid  contamination  of  the 
metal  surfaces  at  the  joint. 


3, 7. 7  Bonding  Tests  and  Resuus 


Tests  were  conducted  on  both  the  differential  thermal  expansions  method  and 
the  pneumatic  pressurization  method  of  applying  pressure  to  the  tube-header  Joint. 
Bonding  procedures  included  electrical  resistance  heating  and  furnace  heating.  The 
procedures  and  results  of  these  tests  are  discussed  in  the  following  paragraphs. 

Differential  Thermal  Expansion  Methods 

Electrical  Resistance  Heating.  The  expansion  plugs  (solid,  hollow,  and  lead  Riled) 

—5  —6 

were  heated  by  electrical  resistance  in  an  NRC  vacuum  furnace  at  10  to  10  Torr 
(Fig.  188).  An  Ircon,  Model  300,  indicating  optical  pyrometer  was  used  for  tempera¬ 
ture  measurement.  The  pyrometer  was  calibrated  against  a  0. 005-inch  diameter 
chromel-alumel  thermocouple  tack-welded  to  a  sample  tube.  Reproducibility  of 
±  10  degrees  F  was  obtained  in  the  range  of  1550  to  1650  F.  The  heating  rate  was 
controlled  with  the  manually  variable  rheostat  of  the  vacuum  furnace  by  reference  to 
the  Ircon  pyrometer. 

Subsequent  to  heating  and  bonding  periods,  vacuum  was  maintained  until  the 
assembly  cooled  to  less  than  500  F  (about  two  minutes  time). 

Tim  tube-header  joints  were  microscopically  examined  at  a  magnification  of 
SOX  mid  manually  flexed  for  evidence  of  diffusion  bonding. 

Resulta  of  this  procedure  are  summarized  in  Table  LXIV,  Efficient  radiation 
from  the  1  -inch  square  header  lowered  the  tube  surface  temperature  at  the  header 
Joint  ~o  well  below  that  of  other  Sections  of  the  tube.  Concentration  of  conducted  heat 
by  the  raised  diameter  c-n  the  plugs  and  by  greater  resistance  in  the  hollow  or  lead- 
filled  plugs  was  effectively  demonstrated  on  tubes  without  headers;  haft  the  concentra  ¬ 
tion  was  insufficient  to  overcome  the  extreme  temperature  gradfwt  created  by 
radiation  from  the  header. 

When  the  electrical  power  was  increased  to  raise  the  joint  temperature  to 
about  1500  F,  suiting  occurred  at  other  areas  of  the  tube  by  formation  of  Ti-Fe-Nl  or 
Tt-Fe  eutectics  in  the  inconel  750  and  Type  MIG  steel  plugs,  respectively  (Fig.  lift). 
Faster  heating  rate#,  white  presumably  more  desirable  from  the  standpoint  of  header 
rigidity  ,  allow  less  time  for  equalizing  temperature  gradient*  in  the  tube  and,  therefore 
accetduate  fchstendency  for  overheating  and  melting. 


TABLE  LXIV 

'EST  RESULTS  OF  ELECTRICAL  RESISTANCE  HEATING  OF  PLUGS 
FOR  DIFFERENTIAL  THERMAL  EXPANSION 
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Reduction  in  the  else  of  the  header  to  a  0, 2&~ineh  equ^  was  partially  effec¬ 
tive  in  reducing  the  thermal  gradient  in  the  tube;  the  oat- lying  nrea*  eouM  be  kept  be¬ 
low  melting  temperature  and,  probably  by  further  design  modification,  below  the  beta 
transits  of  the  tStaaiura  tube  alloy.  At  the  came  time,  however,  the  «aiire  header 
stabilised  at  almost  the  temperature  of  the  joint,  negating  the  rlgidUing  effects  of 
a  colder  header,,  presumed  to  be  one  of  the  primary  benefits  of  heating  by  electrical 
resistance. 

No  diffusion  bonding  was  experienced  in  either  the  1,  $  or  0. 2&-incfc  etpaxe 
headers,  although  the  latter  developed  a  slight  sticking  at  the  Joint  fusing  a»Ud  and 
Pb- filled  pfega).  Negligible  >v<eUl  deformation  wns  observed  its  microscopic  es&r  in*t~ 
tien  of  the  imtedir-  hole*  with  hhmlsd  .edge#,  indfiative  of  irvoff&ateot  preewure  and/or 
temperature  M  the  Joint. 
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TABLE  LXV 

TEST  RESULTS  FOR  FURNACE  HEATING  OF  SOLID  PLUGS  FOR  DIFFERENTIAL 

THERMAL  EXPANSION 


Specimen 

Number 

Atmosphere 

(Torr) 

Temperature 

(F) 

Time 

(min) 

Type 

Header 

Permanent 

Diametral 

Expansion 

(te.) 

Comments 

SI 

5  x  10"5 

1650 

5 

Beveled 

Nil 

No  bond 

S2 

5  x  10"5 

1650 

40 

Beveled 

Nil 

Semibond 
one  side 

S3 

5  « ID'5 

1650 

35 

Beveled 

Nil 

Semibond 
one  side 

Si 

5  x  l(f 5 

1650 

35 

Square 

Nil 

N°  bond 

White  it  may  be  possible  to  effect  s  satisfactory  compromise  of  thermal  gra¬ 
dients  by  adjusting  the  size  or  radiation  efficiency  of  the  header  or  by  further  regulation 
of  heating  rates  sad  temperature.  this  approach  ia  valid  only  lor  single  test  specimens. 
The  complexity  at  thermal  and  electrical  patterns  in  multiple  tube- to- header  assemblies 
precludes  developing  a  reliable  technique  lor  resistance  heating  the  Internal  expan¬ 
sion  plugs.  Further,  the  evidence  indicates  that  in  a  workable  resistance  heating 
cycle  the  temperature  of  the  header  would  be  so  nearly  that  of  the  joint  and  the  heating 
rate  so  alow  that  resistance  heating  would  offer  little  advantage  over  furnace  heating. 

Similarly,  eutectic  melting  might  be  avoided  by  suitable  costings  on  the  plugs, 
but  it  is  unlifa&ly  that  temperature  could  be  held  below  the  beta  traneus  ia  all  area#  of 
the  tube.  - 


Furnace  Heating.  Bonding  bj  differential  thermal  expansion  was  conducted  in  s  cold- 
wa&  vacuum  furnace  (Fig.  1W)  using  both  solid  and  lead-filled  plugs.  Temperature 
*m-  measured  by  micro  optical  pyrometer  and  adjusted  with  a  manual  rheostat. 

Rsaulte  of  the  furnace  heating  method  ladtceted  that: 

*  Moae  of  the  eolid  plage  (Table  IJCV)  reeuUed  ta  permanent  diametral  ex¬ 
pansion  or  la  satisfactory  boadiag.  feectmens  S3  and  64  which  had 
bereted  asd  spars  header  hole  edges,  respectively,  mere  run  simulta¬ 
neously.  Only  A  evidenced  sticking  or  preliminary  superficial  boaditv 
tewSteg  to  onafine  the  benefits  expected  from  higher  interface  pressure, 
and  sheer  Met  n  the  Joint. 


TABLE  IJCVI 


TEST  RESULTS  OF  FTTINACE  HEATING  LEAD-FILLED 
PLUGS  FOR  DIFFERENTIAL  THERMAL  El  JPANSION 


Specimen 

Number 

Atmoepber* 

Vacuum 

(Torr) 

k — - - 

Ten.-peraturr 

m 

Tim* 

frotnl 

Type 

finder 

Permanent 

Diametral 

Eapueion 

(In.) 

fteaufc* 

U 

1  *  JO*4 

ms 

42 

Beveled 

0.002 

No  bond 

12 

2  x  10'5 

1670 

60 

Beveled 

0.002 

Hood  OkU  full  circle) 

u 

2  *  iO'5 

16S0 

60 

Stjuare 

0.001  to  0.003 

Boad  0k*  full  circle; 

IA 

ii  10*S 

1650 

240 

Beveled 

o.ooi  to  o.  oat 

Good  bond  (full  circle) 

LS 

*  *  10*5 

1650 

IS 

Beveled 

Hij 

buret  cue 

L6 

Si  10'5 

1650 

5 

Beveled 

0.0005  to  0.001 

No  bond 

Vf 

7  *  10*S 

1650 

00 

Square 

0.0015  to  0  0*3 

intermittent  bcodin*  lad  cracking 
■mad  circumference  Figure  193. 

IS 

«  I  io“5 

i«ooai 

10 

Squire 

0.0*3 

Bold  eaaqahrt*  around  c  ire  unit  reoce 
cad  ttirrnqp  coil. •  'ktcfcneee  at 
header.  taoeanive  grain  frwifc  and 
cracking  ta  Tl  JAl-X  sv  tube. 

Flgwe  106. 

Li 

! 

T*  I0*S 

1700 

30 

Squire 

S.  003 

Gm  n  bond  '.ted  S60  degree*.  Kx- 
t*M.vu  dtftmton  from  1010  iteel 

plug..  Figure  ’*>5. 

U# 

«  *  J«* s 

1675 

50 

Squire 

o.  sc* 

Bafual  boad.  Figure  104. 

UJ 

7  *  1C"* 

1650 

SO 

Squire 

0  0035 

No  bond.  Figure  1*2. 

[  ! .  Controller  Malfunction 

•  Lead- Ailed  plugs  (Table  LXVR  produced  from  0.001-  to  0. 005-inch 
permanent  diametral  expansion  and  usually  .  eni&txi  »n  *  bond  of 
maaonabljr  good  quality  (bat  se’icun  fell  circle)  with  process  time* 
kca  than  SO  minutes.  Specimen  L~4  which  had  *  ,-ho».r  temperature 
cycle,  developed  a  pood  quality  bond  around  all  of  the  tube  circumference 
(Tig.  191). 

Lead-filled  plug  expansion  cycles  indicate  that  this  process  is  definitely 
creep-strength  coot  rolled  and.  therefore,  requites  temperature*  precariously  close 
to  the  be* a  transits  pots!  of  the  TJ-SA1-2.5V  tubing  (approximately  1700  F)  or  utueamm- 
abfy  long  bonding  times  (at  lower  temperatures)  in  excess  of  one  hour.  As  shown  ,*n 
Figures  191  through  190,  an  ondseirabie  combination  of  beta  embrittlament.  grain 
growth,  and  cracking  of  the  tube  alky  is  evidenced  with  increasing  temperature. 


TABLE  LXVH 

TEST  RESULTS  OF  PNEUMATIC  PRESSURIZATION  PLUGS 
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PnmmaeUc  Pwawrtwliqt 

A  cbun  efaeil-type  electrical  naMaaoe  fhrsace  wu  aaed  to  heat  t  Vyeor 
^iw  or  metal  chamber  {for  taert  gas  oar  vacsmn)  oneMitu  the  pamweftc  peer- 
eurixattae  adm  end  tribe  header  maple  {Ft*.  It?).  Proceee  tomfwfshtre  wee  met* 
aerwd  fay  a  eimaael-aheaaai  Uewratooe^a  fwttfate  the  funnvew  hat  external  to  the  work 
'  chamber)  and  wee  maintained  by  aa  cmCT  eeaftreiier,  Cemfwmnttan  waa  allowed 
far  a  W  degree  F  thermal  graftm  between  the  ontelrfe  of  the  chamber  and  the  teat 
aaaaplc,-  Three  prafraarow!  rarlatkea  of  twageratnrw  and  paweare  were  cnhahd 
ae  tndtoetod  ta  Thhiw  LXVH.  and  typically  iSuatntod  la  flpm*  Iff,  iff,  and  *00. 
hfaraal  praaaarl  «»»*>■  wee  applied  hr  aafea,  ocatraBed  I y  a  high  preaaar a  regulator 
atttT  and  terVflUtiy  the  preaawre  taht 

m 


The  results  (listed  in  Table  LXVET)  indicate  that  pneumatic  pressurization 
plugs  provide  a  controllable  tube  expansion  process.  Slight  surface  contamination 
prevented  bonding  in  the  initial  attempt!'  on  specimens  Pi  ,  P2,  and  P3.  This  dif¬ 
ficulty  was  rectified  in  subsequent  attempts  on  specimens  P4  and  P5,  Lack  of  bonding 
in  these  latter  specimens  is  believed  due  to  the  restriction  of  expansion  by  the  greater 
rigidity  of  the  0.  003-inch  land  on  the  expansion  piug,  over  which  the  header  was 
positioned.  The  header  of  specimen  P6  therefore  was  positioned  over  the  small 
diameter  at  the  end  of  the  expansion  plug.  Considerable  distortion  resulted  from  the 
uneven  resistance  to  piug  expansion,  but  there  was  evidence  of  bonding  the  tube  and 
header  by  this  approach  (Fig.  201  i.  The  raised  land  was  eliminated  from  subsequent  plugs. 

Temperature  and  especially  time  requirements  are  considerably  reduced  by 
this  process  which  incorporates  rap’d  expansion  and  is  yit Id-strength  controlled. 

Partial  bonding  of  three  camples  are  shown  in  Figures  202  through  204.  The  degree 
of  expansion  accompanying  the  pressuri ration  cycle  suggests  that  the  quality  of  the 
Kinds  should  be  better  than  that  observed  in  Uve  photomicrographs.  The  explanation 
most  !‘kely  lor  this  behavior  is  in  the  relatively  poor  vacuum  environment  in  which 
these  specimens  were  pi  •ssurired.  One  degree  of  magnitude  separates  the  vacuum 
pressure  at  which  the  pneumatic  plug  and  lead-filled  piug  specimens  were  diffusion 
bonded , 

In  ail  cases,  it  was  noted  that  die  diffusion  from  *  .«>  Ir.*jpel  pre  sure  plugs 
into  the  titanium  tube  was  many  times  greater  than  for  the  Type  1310  steel  lead-* Hod 
plug*,  although  the  Type  'iQiO  plug*  were  subj^ted  to  Imiger  times  at  higher  tempera¬ 
ture*.  The  Inconel  s'loy  ioime  no  tansrmetallic  di;rusior,  barrier  as  does  the  iron. 

Pneumatic  landing  tests  PIS  through  P1 8  incorporate  expansion  plugi;  of 
Type  IbrO  steel  rather  than  inconel  None  of  tbea*  cycles  iceulteU  in  mor« 
than  mperfidd  bonding.  B  was  fob  that  the  relatively  poor  vacuum  environment  of 
'this  particular  furnace  again  was  reep^  nsible  for  iacV  of  handing  rather  i  an  the 
pneumatic  proasurixation  which,  in  many  of  the  specimens,  prcriuced  adis*wa»-: 
f0.  bOi  to  -0. 002- tnch)  expansion  for  bonding. 

While  the  use  of  Type  1013  steel  expansion  capsules  elrariwac  d  the  inter- 
diffuaicci  embrittlement  problem,  the  difficult;*  at  separating  the  tube*  from  the 
axpaastae  cajole  w  relieved  only  ha  small  measure  and  none  of  the  pneumatic 
capsules  conld  he  reused. 


Summary 


«.  The  technique  of  resistance  heating  inieraa!  e.'jpansiqn  plugs  does  not 
provide  a  reliable  diffusion  bonding  proceed.  The  header  plate  acts  as 
a  thermal  radiator,  overcooliug  the  joint  and  inducing  iu'gh  thermal 
gradients  in  the  tube,.. 

«  No  diffusion  bending  resulted  from  solid,  high-expanaion,  sickel-fease 
alley  plugs.  The  avid  v.'.e  indicates  that  the  thermal  expansion  strain 
ie  either  sufficiently  rapid  nor  sufficiently  great  to  compensate  for 
dissipation  of  pressure  by  creep  relaxation  at  the  joint. 

«  Encapsulated  liquid  metal  plugs  {lead- filled/  are  capable  of  developing 
up  to  0  003  inch  permanent  diameiral  strain.  Diffusion  bonded  jomie 
were  produced  by  this  technique,  joining  tubes  to  headers  by  a  process 
which  is  creep- strength  controlled,  requiring  extended  time  at  tempera¬ 
ture, 

«  Pneumatic  pressurization  is  effective  in  expanding  internal  plugs  and 
appears  capable  of  being  developed  into  a  reliable  diffusion  bonding 
process,  A  problem  Is  presented  in  removing  the  pings  sifter  the 
bonding  cycle  due  to  permanent  diametral  expansion  of  the  pressurization 
p’ug,  but  the  technique  appears  basically  sound, 

*  Sticking  of  the  pressure  transfer  surface  to  the  titanium  foil  workpiece 
remained  a  serious  problem  inroughout  this  study.  No  perfect  stop- 
off  material  was  found  to  operate  at  the  process  temperatures  and 
pressures  used.  However,  Type  1010  steel  shim  stock  provided  a 
workable  solution,  in  that  the  very  thin  film  of  iron-titanium  inter- 
metallics  formed  at  the  shim/workpiece  interface  could  be  disrupted 
readily 

•  In  view  oi  the  excellent  preliminary  results  and  reliability  of  the  brazed 
heat  exchanger  manufacturing  process,  further  development  of  the 
diffusion  bonding  process  within  tl.j  limited  time  available  on  this 
program  *s  not  warranted,  especially  in  consideration  of  the  expansion 
plug-to-tube  sticking  and  other  related  problems. 
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Bond  Pressure:  300  psl 
Temperature:  1650  F 
Time:  20  sec 
Magnification:  250X 

Bond  excellent  -  no  electrode 
sticking  (iron). 


Bond  Line 


FIGURE  164. 

SOLID-STATE  DIFFUSION  BONDED 
JOINT,  Ti“5Al-2. 53n/Ti-5Al-2, 5Sn 


Bond  Pressure:  300  psi 

Temperature:  1050  F 

Time:  20  sec 

Magnification:  250X 

Bond  excellent  -  no  electrode 
sticking  (iron). 

Bond  Line 


FIGURE  165. 

SOLID-STATE  DIFFUSION  BONDED 
JOINT,  Ti-6A1-4V/Ti-6A1-4V 


Bond  Pressure:  1200  psi 
Temperature:  1550  F 
Time:  20  sec 
Magnification:  250X 

— . .  - . —  Bead  Line 


FIGURE  166. 

DIFFUSION  BONDED  JOINT, 
Ti-8Al-lMo-TV/Ti-8Al-lMo-lV 


Bond  Pressure:  600  psl 
Temperature:  1600  F 
Time:  20  sec 
Magnification:  150X 

■«— - .....  Bond  Lise 

FIGURE  168. 

DIFFUSION  BONDED  JOINT, 
Ti-6A1-4V/TI~5A1~2. 5Sn 


Bond  Pressure:  300  psi 
Temperature:  1600  F 
Time:  20  aec 
Magnification:  250X 


FIGURE  .67. 

DIFFUSION  BONDED  JOINT, 
Ti-SAl-l  Mo-1  V/Ti-6A1-4V 


— — ■  Bond  Line 
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Bond  Pressure: 

2000  psl 

ijyl 

Temperature: 

1550  P 

i§|§ 

Time:  20  sec 

Jfplt 

Magnification: 

250X 

FIGURE  169« 

DIFFUSION  BONDED  JOINT, 
Ti-6A1-4V/Ti-6A1-4V 


FIGURE  171.  DIFFUSION  BONDED  JOINT,  TI-6A1-4V/TI-3A1-2. 5Sn/Ti-3Al-2.  5V 
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B2UZK  OB  DIFFUSION  BOND 
“  (>KH  Overlap) 


yon. 


LAP-JOINT 


Bend  Prewar  «:  MO  t 
Tanspmtaro;  IBM  F 

Time:  W  wm 
MajnWcatica:  250X 


—  Tttunhsa  foil  O.t-mll 
tfcjiwfc  u  later  leaf 


FIGURE  173. 

DIFFUSION  BONDED  JOINT, 
V1-8AI-IM0-IV/TI  Interleaf/ 
TI-3A1-4V 


FIGURE  130. 

WEEDING  THE  LEAD- FILLED  PLUGS 

in  a  cupper  block  cooled  with 

LIQUID  NITROGEN 
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FIGURE  1 


LEA IV-  FREE  D  PLUG  IN  BOTTOM  DIE  OF  SWAGING  TOOI 


SWAGING  1  FAD- FILLED  PI 


+  0.0000 
00  0 . 11 4  --  0 . 00 1 0 


WALL  TH'C KNESS 
0.0)0  +  0.001  ^ 


j  ti  E  A  D  £  K 

(Y 

i  I  tub  f. 

It  /  a  n  +C  oo* 


1  1  .  I  I-*— 0.05 

TIG  I  r 


0  INCONEi  600 
0  N- 155  TUPS,  0.37*.  B5  0.065 


PRESSURE 

RECORDER 


ROUGH  VACUUM  (to 
purge  syi'em) 


GETTERED 

ARGON 

OR 

VACUUM 


orrorn 


1  TO  000  PSIG 


nrv wv> 


^CLAM SHELL 
FURNACE 


aLL  DIMENSIONS  IN  INCH 


FIGURE  183.  PNEUMATIC  EXPANSION  PLUG  DESIGN  AND  SYSTEM 


As  Machined 


Welded  to  Pressure  Tube 


FIGURE  1S4. 

PNEUMATIC  EXPANSION  PLUG 


FIGURE  186. 

BEVELED  EDGE  OF  HEADER 
HOLE 


FIGURE  188. 

VACUUM  FURNACE  AND  CONTROLS 
USED  FOR  L  ;.ECTRICAL  RESISTANCE 
HEATING  OF  EXPANSION  PLUGS 
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FIGURE  190. 

COLD-WALL  VACUUM 
FURNACE 


FIGURE  189. 

EUTECTIC  MELTING  OF 
RESISTANCE-HEATED  TUBE 
AND  PLUG 


Etchant:  Kroila 
Magnification:  400X 


FIGURE  191. 


!  f 

TI-6A1-4V  Header  T1-3A1-2. 5Sn  Tube 


TUBE-TO-HEADER  JOINT 
PRODUCED  IN  SPECIMEN 
L4 

I 

Type  1010  Steel 

Case  of  Lead-Filled  Plug 
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FIGURE  192. 


rUBE-TO-HEADER  JOINT 
PRODUCED  IN  SPECIMEN 
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FIGURE  194. 


TUBE-TO-HEADER  JOINT 
PRODUCED  IN  SPECIMEN 
L10 


Bonding  Temperature: 
Time:  30  min 
Etchant:  Kroll's 
Magnification:  100X 


1650  F 


Bonding  Temperature:  3  650  F 


lime.  90  min 


Etchant:  Kroll’a 


Magnification:  500X 


FIGURE  193 


'  A  .  tV: 


TUBE-TO-HEADER  JOINT 
PRODUCED  IN  SPECIMEN 
L7 


Bonding  Temperature:  1650  F 


30  mm 


Etchant:  Krell'a 


Magnification:  250X 


Bonding  Temperature:  1700  F 
Time:  30  min 
Etchant:  Kroll'e 
Magnification:  100X 


FIGURE 

TUBE-TQ-HEADER  JOINT 
PRODUCED  IN  SPECIMEN 
L9 


Bonding  Temperature:  1800  F 
Time:  10  min 
Etchant:  Kroll's 
Magnification:  500X 


FIGURE  196. 

TUBE- TO- HEADER  JOINT 
PRODUCED  IN  SPECIMEN 
L8 
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FIGURE  197.  PNEUMATIC  PRESSURIZATION  EQUIPMENT 
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DIFFUSION 

BONDING 


TEMPERATURE 


-$  «  16 

u>  ? 

“  «  U 

rs  .£• 

I"  ... 


ARGON  FLO* 


FURNACE 

.OPENED 


MINUTES 


FIGURE  00.  PNEUMATIC  BONDING  CYCLE  OF  SAMPLE  P6,  Heated  Under 
Pressure 


Tt  4A1-4V 


T1-MJ-*  SSa 


PVMNHM^Io  £^pfegNllQI!  Hlf 
te4Ml  K* 


Etc'iut:  Kr^'l*  l«0X 

FIGURE  201,  DIFFUSION  BOND  PRODUCED  IN  SAMPLE  P6  BY  PNEUMATIC 
PRESSURIZATION 
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VACUUM  vttit  Hg) 


[ionHjng  Temperature:  107 
Time1  5  min 
Etchant-  Kroil's 
Ma"s*!..,iation-  i  rjflX 


FIGURE  202. 

DIFFUSION  BOND  IN 
SPECIMEN  P7 


Rending  Te rape r:\tu re  l-'*?"  F 

Time  ii  min 
Etchant  (CroIEs 
Maftn:fi»-al!e»n-  !  'ON 


FIGURE  203. 

DIFFUSION  BOND  T\ 
SPECIMEN  PS 
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FIGURE  204. 

DIF  I  ON  BOND  I 
SPECIMEN  P10 


